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“Life is not easy for any of us. But what of that?  
We must have perseverance and above 
 all confidence in ourselves.  
We must believe that we are gifted for something 
 and that this thing must be attained.” 
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Resumen 
Los nanomateriales bidimensionales (2D) han atraído una atención significativa como 
materiales de próxima generación. Las propiedades físico-químicas conferidas por una 
estructura en forma de capas con un espesor de átomos han dado lugar a su utilización 
en múltiples aplicaciones. En la última década se han realizado numerosos trabajos de 
investigación encaminados a evaluar la diferente toxicidad de estos nanomateriales. Sin 
embargo, la mayoría de estos trabajos se centran en nanopartículas sintetizadas en 
pequeña escala en laboratorio, sin ahondar en aspectos claves, como la caracterización 
físico-química de las nanopartículas, las dosis relevantes o la duración de la exposición. El 
objetivo principal de esta tesis es aumentar nuestra comprensión de las interacciones 
biológicas entre nanomateriales 2D y sistemas biológicos. Para ello se han utilizado 
diferentes nanomateriales disponibles comercialmente para evaluar la nanotoxicología 
asociada con los mismos en diferentes modelos celulares in vitro. 
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Two-dimensional nanomaterials (2D) have attracted significant attention as next 
generation materials. Multiple applications due to physico-chemical proprieties 
and the fascinating layered structure of a thickness of at least one atomic layer 
have emerged. However, concerns have been raised about the safety and 
biocompatibility of 2D nanomaterials due to contradictory results in several in 
vitro and in vivo nanotoxicological studies. Specifically, scientific data on the 
potential hazard of nanoparticles has underline the capability of layered 
nanomaterials to cross biological barriers, inducing reduction on cellular viability 
and increasing oxidative stress. In the last decade, the application of 2D 
nanomaterials has seen a rapid growing in the industrial field and, as a 
consequence, the safety assessment is necessary in order to develop 
biocompatible and safe nanotechnology. Notwithstanding numerous research 
efforts being made in the past decade to assess the different toxicity of 
nanomaterials, most of these scientific works focus on laboratory made 
nanoparticles, without tackling numerous aspects, such as apposite nanoparticle 
physico-chemical characterization, relevant doses and exposure duration. 
Therefore, the aim of this PhD thesis is to investigate the possible in vitro acute 
toxic effects of several 2D nanomaterials beyond graphene, considering the 
different physico-chemical proprieties of commercial graphene oxide, transition 
metal dichalcogenides (TMDs) and boron nitride, as well as the potential chemical 
degradation and oxidation in the environmental fate of TMDs, taking into 
consideration the possible differences in the toxicological responses of different 
eukaryotic and prokaryotic cells. The main goal of this thesis was to use different 
cellular models and in vitro cytotoxic assays to address several challenges in 
nanotoxicology, in order to increase our understanding of the biological 
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Nanoparticles and Nanotechnology 
 
Nanotechnology and Nanoscience are described as an interdisciplinary 
discipline covering different scientific fields including biology, chemistry, 
physics, and material science1. The specific term of “nanotechnology” was 
introduced by Taniguchi in 1974, indicating the possibility to use engineered 
materials at the nanometer level in several technological applications2. For 
instance, nanotechnologies have an extensive use from electronics and 
computing to environmental applications, from agriculture, water purification to 
aerospace industry, among numerous others. Besides industrial and 
household uses, nanoparticles (NPs) can be used in the medicine field for the 
treatment of cancer, immunization purposes, infectious diseases and 
diagnostic procedures with new imaging agents and sensors. Specifically, the 
innovatory era on nanotechnology corresponds to the second half of the XX 
Century3. The development of new nanomaterials, through intensive research 
at different levels such as atomic, molecular and macro- molecular scales, has 
facilitated their new applications fields and physico-chemical proprieties4. The 
description of “nanoparticle” set by the European Commission include particles 
 
1
 The Royal Society & The Royal Academy of Engineering, Nanoscience and Nanotechnologies: 
Opportunities and Uncertainties; July 2004. 
2
  Bayda, S.; Adeel, M.; Tuccinardi, T.; Cordani, M.; Rizzolio F. The History of Nanoscience and 
Nanotechnology: From Chemical–Physical Applications to Nanomedicine. Molecules. 2020 Jan; 25(1): 112. 
3
 Ferreira, A. J.; Cemlyn-Jones, J.; Cordeiro, C. R. Nanoparticles, Nanotechnology and Pulmonary 
Nanotoxicology. Fisioterapia 2013, 19 (1), 28–37. 
4
 Jeevanandam, J.; Barhoum, A.; Chan, Y. S.; Dufresne, A.; Danquah, M. K. Review on Nanoparticles and 








with size of 100 nm or smaller5. These nanoparticles have distinguishing 
properties different to those of the parent bulk material because of their small 
size and larger specific surface area. Moreover, at the nanoscale range, the 
impact of quantum effects can alter significant properties, such as electrical, 
magnetic and optical properties6,7. Therefore, the intensive use of NPs could 
determine the nanoscience and nanotechnology a key element for the next 
industrial revolution8. For instance, the increased use of nanotechnology 
allowed the manipulations of several materials at the nanometer scale, follow-
on in the production of instruments and technologies never visualized 
previously. Furthermore, the rising of new potential application fields, lead to 
new novel class of low dimensional systems of nanoscale sciences. 
Specifically, the global market for nanomaterials estimated by the European 
Commission excess €20 billion. Moreover, another interesting feature is the 
large typologies of nanoparticles present in the market9. Nanomaterials can be 
categorized based on their intrinsic proprieties such as dimensionality, 




 European commission, Nanomaterials.  
6
 Ferreira, A. J.; Cemlyn-Jones, J.; Cordeiro, C. R. Nanoparticles, Nanotechnology and Pulmonary 
Nanotoxicology. Fisioterapia 2013, 19 (1), 28–37.  
7
 Health Care Without Harm Europe. Nanomedicine New Solutions or New Problems? 2013. 
8
 Cappy, A.; Stievenard, D.; Vuillaume, D. Nanotechnology: The Next Industrial Revolution? Gallium Arsenide 
applications symposium. GAAS 2002, 23-27. 
9









This categorization is centered on the number of dimensions of the material, 
which are outside the nanoscale (<100 nm) range. A representative image is 
shown in Figure 1. 
0D nanomaterials: 
The 0D materials, the three dimensions are in the nanoscale range, with a 
diameter less then 100 nm. In this category are included quantum dots, 
spheres, clusters and nanocrystals. Because of the intrinsic structural 
properties of 0D nanomaterials, such as high surface-to-volume ratios and 
ultra-small sizes, they have further active sites per unit mass. The quantum 
confinement effects of these nanomaterials provide them supplementary 
properties such as high photoluminescence (PL) quantum efficiency and 
chemiluminescence10,11. 
1D nanomaterials: 
The materials in the nanometer scale with one dimension, are defined as 
materials with two dimensions at the nanoscale and one dimension at the 
macroscale.  These materials exhibit several proprieties such as superior light 
absorption, excellent electronic conduction, high mechanical strength, and 
 
10
 Wang, Z.; Hu, T.; Liang, R.; Wei, M. Application of Zero-Dimensional Nanomaterials in Biosensing. Frontiers 
in Chemistry. Frontiers Media S.A. April 17, 2020, p 320. 
11
 Cao, H. Synthesis, Characterization, and Applications of Zero-Dimensional (0D) Nanostructures. In 
Synthesis and Applications of Inorganic Nanostructures; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 







ultra-low thermal conductivity. In this category are present films and surface 
coatings, specifically used for decades in various fields, such as electronics, 
chemistry, and engineering12,13. 
2D nanomaterials: 
Two-dimensional nanomaterials have one dimension at the macroscale range 
and two dimensions in the nanometer scale. In this category are included 
several 2D nanostructured films, nanopores, nanofibers and plate-like shapes 
particles14. Differing to their bulk materials, these 2D nanomaterials have a high 
aspect ratio (surface-area-to-volume ratio) and numerous atoms on their 
surface. Because of their excellent proprieties, they are utilized in different 
fields such as electronics, optoelectronics, solar cells, lithium batteries, 
composites, etc.15 
3D nanomaterials: 
Three-dimensional nanomaterials have all the dimensions in the macroscale 
range and no dimensions in the nanoscale range. This class can contain 
 
12
 Xie, J. Le; Guo, C. X.; Li, C. M. Construction of One-Dimensional Nanostructures on Graphene for Efficient 
Energy Conversion and Storage. Energy and Environmental Science. Royal Society of Chemistry July 18, 2014, 
pp 2559–2579. 
13
 Garnett, E.; Mai, L.; Yang, P. Introduction: 1D Nanomaterials/Nanowires. Chemical Reviews. American 
Chemical Society August 14, 2019, pp 8955–8957. 
14
 Rafiei-Sarmazdeh, Z.; Morteza Zahedi-Dizaji, S.; Kafi Kang, A. Two-Dimensional Nanomaterials. In 
Nanostructures; IntechOpen, 2020. 
15
 Kim, S.; Kim, K. H.; Bark, C. W. Two-Dimensional Nanomaterials: Their Structures, Synthesis, and 







dispersion of nanoparticles, bulk powders, nanowires, nanotubes as well as 
multi-nanolayers16. 
 
Figure 1: Schematic representation of the various dimensions of the 
nanomaterials (0D, 1D, 2D and 3D) and examples. 
Morphology 
 
Other aspects to take in consideration for the categorization of NPs are the 
morphological characteristics, including: sphericity, flatness and aspect ratio. 
For instance, the category of high aspect ratio nanoparticles is represented by 
nanotubes and nanowires, with various shapes. Instead, the small-aspect ratio 
morphologies include several shapes such as oval, spherical, prism, cubic and 
 







helical. Additionally, several commercial nanoparticles occur as powders, 
suspensions, or colloids17. 
Composition 
 
Nanoparticles can be made of several heterogeneous materials or of a single 
component material. The composition of a specific nanoparticle can be very 
complicated, differing on what interactions it has had with other particles and 
chemicals on its lifetime. For instance, the nanoparticles originated in nature 
are frequently agglomerations of materials with diverse compositions, whereas 
pure single-composition materials can be simply synthesized using a variety of 
physical and chemical methods18. 
Aggregation/Agglomeration  
 
Nanoparticles can exist as suspensions/colloids, dispersed aerosols or in an 
agglomerates state. The specific state depends on their chemistry and electro-
magnetic properties. Aggregation and agglomeration are two terms used for 
the description of the assemblage of particles in a sample19. Specifically, the 
aggregation process is reversible, whereas the agglomeration is irreversible. 
These two processes, such as other transformations in the environments, can 
alter important physico-chemical features such as nanoparticles’ chemical 
 
17
 Buzea, C.; Pacheco, I. I.; Robbie, K. Nanomaterials and Nanoparticles: Sources and Toxicity. Biointerphases 
2007, 2 (4), MR17–MR71. 
18
 Nanotechnologies: 3. What are the physical and chemical properties of nanoparticles? 
19







reactivity, fate and biological interactions. For example, magnetic nanoparticles 
tend to aggregate and act as larger nanoparticles, depending on the size of the 
aggregate20.  
Physico-chemical properties of 2D materials and applications 
 
The principal feature that distinguishes numerous classes of nanostructures is 
the dimension. As described before, the dimensionality is one of the principal 
parameters in material science, which not simply delineates the atomic 
structure of the material, but determines also the physico-chemical properties. 
One of the best-known and used nanomaterials are the family of the two-
dimensional (2D) materials21. This class of single-atom thick materials 
represents the thinnest nanomaterials due to their dimensions and thickness 
on nanoscale and macroscale range22. These materials have a distinctive 
layered structure with weak van der Waals forces between layers and strong 
in-plane covalent bonds. This layered structure allows the possibility of being 
sliced into individual separate atomic layers determining outstanding physical 
and chemical properties very different to those of their bulk counterparts. 
Because of their exceptional properties, 2D nanostructures could have a 
 
20
 Ashraf, M. A.; Peng, W.; Zare, Y.; Rhee, K. Y. Effects of Size and Aggregation/Agglomeration of 
Nanoparticles on the Interfacial/Interphase Properties and Tensile Strength of Polymer Nanocomposites. 
Nanoscale Res. Lett. 2018, 13 (1), 1–7. 
21
 Khan, K.; Tareen, A. K.; Aslam, M.; Wang, R.; Zhang, Y.; Mahmood, A.; Ouyang, Z.; Zhang, H.; Guo, Z. 
Recent Developments in Emerging Two-Dimensional Materials and Their Applications. J. Mater. Chem. C 2020, 
8 (2), 387–440. 
22
 Choi, W.; Choudhary, N.; Han, G. H.; Park, J.; Akinwande, D.; Lee, Y. H. Recent Development of Two-







significant impact on multiple applications, ranging from electronics, catalyst, 
high performance sensors, support membranes, biomedicine, drug delivery 
etc.23 As practical applications of these materials became widespread, further 
research efforts are put in the development of proficient techniques to produce 
2D nanosheets with definite number of layers and tune their properties as well 
as investigating heterogeneous 2D nanomaterials, combining different layers 
from different materials24. At present, the 2D nanomaterials family includes 
graphene and other layered materials such as transition metal dichalcogenides 
(TMDs), mono-elemental 2D semiconductors (silicene, germanene, stanene, 
and phosphorene), MXenes, 2D oxide/hydroxide materials and hexagonal 
boron nitride25. The physico-chemical proprieties and methods of 
synthesis/preparation of the specific categories of the nanomaterials used in 
this thesis for the evaluation of their potential cytotoxic effects will be detailed 
explained in the follow paragraph.  
Introduction to Graphene and Graphene Oxide 
 
Graphene 
The most prominent two-dimensional material is graphene, a carbon structure 
composed of a single atomic layer sp2-bonded carbon atom hexagonal 
 
23
 Banerjee, A. N. Graphene and Its Derivatives as Biomedical Materials: Future Prospects and Challenges. 
Interface Focus. Royal Society Publishing June 6, 2018. 
24
 Tyagi, D.; Wang, H.; Huang, W.; Hu, L.; Tang, Y.; Guo, Z.; Ouyang, Z.; Zhang, H. Recent Advances in Two-
Dimensional-Material-Based Sensing Technology toward Health and Environmental Monitoring Applications. 
Nanoscale. Royal Society of Chemistry February 14, 2020, pp 3535–3559. 
25
 Agarwal, V.; Chatterjee, K. Recent Advances in the Field of Transition Metal Dichalcogenides for Biomedical 







framework. The connection between the carbon atoms is strong enough to 
tolerate external force by a twisting lattice plane to prevent the reconfiguration 
of atoms26. The famous discovery of this compound in 2004 fascinated a lot of 
consideration and led to the detection of several properties such as electronic 
properties, unprecedented impermeability, high mechanical strength, excellent 
thermal and electrical conduction27. Furthermore, graphene is a semimetal or 
a semiconductor with a bandgap of zero and has very high electron mobility at 
room temperature. For instance, single-layer graphene has an unexpected high 
degree of transparency in UV-Vis and IR radiation and it is also considered as 
one of the strongest materials28. Different improvements of the synthesis and 
functionalization of graphene have amplified the application of these materials 
in many fields, such as composite materials, energy technology, catalyst and 
sensors29. For example, graphene shows great ability to be functionalized with 
several functional groups in the form of covalent and noncovalent which leads 
to its solubility in different solvents30. Moreover, the potential biocompatibility 
of graphene has encouraged investigations toward applications in the 
 
26
 Yang, G.; Li, L.; Lee, W. B.; Ng, M. C. Structure of Graphene and Its Disorders: A Review. Science and 
Technology of Advanced Materials. Taylor and Francis Ltd. December 31, 2018, pp 613–648. 
27
 Novoselov, K. S.; Morozov, S. V.; Mohinddin, T. M. G.; Ponomarenko, L. A.; Elias, D. C.; Yang, R.; Barbolina, 
I. I.; Blake, P.; Booth, T. J.; Jiang, D.; et al. Electronic Properties of Graphene. In Physica Status Solidi (B) Basic 
Research; John Wiley & Sons, Ltd, 2007; Vol. 244, pp 4106–4111. 
28
 Xia, F.; Yan, H.; Avouris, P. The Interaction of Light and Graphene: Basics, Devices, and Applications. Proc. 
IEEE 2013, 101 (7), 1717–1731. 
29
 Chen, H.; Gao, Q.; Li, J.; Lin, J. M. Graphene Materials-Based Chemiluminescence for Sensing. Journal of 
Photochemistry and Photobiology C: Photochemistry Reviews. Elsevier B.V. January 19, 2016, pp 54–71. 
30
 Georgakilas, V.; Otyepka, M.; Bourlinos, A. B.; Chandra, V.; Kim, N.; Kemp, K. C.; Hobza, P.; Zboril, R.; Kim, 
K. S. Functionalization of Graphene: Covalent and Non-Covalent Approaches, Derivatives and Applications. 







biomedical field31. Given these extraordinary mechanical properties, further 
potential applications in nanocomposite and coating industries are estimated 
to be opened. 
Synthesis 
 
There are several synthesis methods for graphene, including advantages and 
disadvantages: 
Mechanical exfoliation 
Mechanical exfoliation is a top-down technique and it’s the scarcest utilized 
methods for the extraction single layer graphene flakes from graphite on 
chosen substrates. The principal source is graphite, made of mono-atomic 
graphene layers stacked together by weak van der Waals forces. Hence, the 
exfoliation process is the opposite of the stacking process, where due to the 
weak bonding it is possible to separate the layers. Several graphene sheets 
can be obtained throughout mechanical exfoliation or by peeling off layers from 
graphitic materials such as highly ordered pyrolytic graphite (HOPG), single-
crystal graphite, or natural graphite. This method can be completed using a 




 Wang, K.; Wang, K.; Ruan, J.; Song, H.; Zhang, J.; Wo, Y.; Guo, S.; Cui, D. Biocompatibility of Graphene 
Oxide Biocompatibility of Graphene Oxide. Nanoscale Res Lett 2010, 6 (1), 8. 









One of the best apposite method for synthesis of graphene is the chemical 
method. In the follow process, the use of intercalation compound allows the 
production of colloidal suspension of graphene from graphite. Basically, the 
chemical exfoliation is a two-step process. Firstly, there is the reduction of the 
interlayer van der Waals forces to expand the interlayer spacing. 
Consequently, the formation of graphene-intercalated compounds occurs. 
Secondly, the method proceeds with the exfoliation of graphene with single to 
few layers by rapid heating or sonication33.  
Chemical vapor deposition (CVD) 
Chemical vapor deposition includes chemical reaction where molecules are 
heated and transformed to a gaseous state and that is the so-called precursor. 
In this specific CVD process a substrate is spread on thermally fragmented 
precursors in high temperature. Then, it deposits on thin films, solid, liquid or 
gaseous precursors on the surface of the substrate. The deposition of high-
quality graphene from CVD process is usually done onto various transition-
metal substrates like as Nickel (Ni) and Copper (Cu)34. 
 
33 Yi, M.; Shen, Z. A Review on Mechanical Exfoliation for the Scalable Production of Graphene. Journal of 
Materials Chemistry A. Royal Society of Chemistry June 14, 2015, pp 11700–11715. 
34 Kalita, G.; Tanemura, M. Fundamentals of Chemical Vapor Deposited Graphene and Emerging Applications. 












The optimal physico-chemical proprieties of graphene allow its use in several 
applications, including: 
 Semiconductor silicons in transistors35 
 Conductive transparent coating for solar cells36 
 Reinforcement in composites for the creation of lighter and stronger 
satellites and aerocrafts37 
 
35
 Liu, C.; Ma, W.; Chen, M.; Ren, W.; Sun, D. A Vertical Silicon-Graphene-Germanium Transistor. Nat. 
Commun. 2019, 10 (1), 1–7. 
36
 Parvez, K.; Li, R.; Müllen, K. Graphene as Transparent Electrodes for Solar Cells; 2015; pp 249–280. 
37
 Carbon nanotube ‘stitches’ make stronger, lighter composites: Method to reinforce these materials could 
help make airplane frames lighter, more damage-resistant - ScienceDaily. 







 Stronger medical implants38 
 Cancer therapy39 




Because of the unique proprieties of graphene, its potential application in the 
biomedical field led to an increased research interest. Moreover, chemical 
modifications such as the oxidation of graphite leads to graphite oxide, which 
contains multiple stacked layers of graphene oxide (GO). Specifically, GO has 
a comparable hexagonal carbon structure to graphene but also contains 
hydroxyl (OH), alkoxy (COC), carbonyl (CO), carboxylic acid (COOH) and other 
oxygen-based functional groups41.  One particular propriety, is the easily 
functionalization of GO (Figure 3), showing a better-off surface chemistry due 
to the existence of the oxygenated groups. Another advantage of GO, is the 
outstanding hydrophilicity, however this nanomaterial shows electrical and 
mechanical proprieties poorer than graphene42. Thus, it has been discovered 
 
38
 Podila, R.; Moore, T.; Alexis, F.; Rao, A. Graphene Coatings for Biomedical Implants. J. Vis. Exp. 2013, No. 
73, 50276. 
39
 Eskiizmir, G.; Baskin, Y.; Yapici, K. Graphene-Based Nanomaterials in Cancer Treatment and Diagnosis. In 
Fullerenes, Graphenes and Nanotubes: A Pharmaceutical Approach; Elsevier, 2018; pp 331–374. 
40
 Liu, J.; Cui, L.; Losic, D. Graphene and Graphene Oxide as New Nanocarriers for Drug Delivery Applications. 
Acta Biomaterialia. Elsevier December 1, 2013, pp 9243–9257. 
41
 Smith, A. T.; LaChance, A. M.; Zeng, S.; Liu, B.; Sun, L. Synthesis, Properties, and Applications of Graphene 
Oxide/Reduced Graphene Oxide and Their Nanocomposites. Nano Mater. Sci. 2019, 1 (1), 31–47. 
42
 Syama, S.; Mohanan, P. V. Comprehensive Application of Graphene: Emphasis on Biomedical Concerns. 







that the chemical modification such as thermal or chemical reduction of GO, 
could improve its properties, proving that the reduced graphene oxide (rGO) 
can maintain properties of both graphene and GO nanomaterials43.  
 
Figure 3: Structure of Graphene (G), Graphene Oxide (GO) and Reduced 
Graphene Oxide (rGO). 
Synthesis  
 
Graphene oxide synthesis can principally be differed into two principal 
categories: “bottom-up” methods (carbon molecules are utilized for the 
construction of pristine graphene), and “top-down” methods (extraction of 
graphene’ layers from a carbon source). Bottom-up synthesis are scarcely 
 
43
 Fisher, C.; Rider, A. E.; Jun Han, Z.; Kumar, S.; Levchenko, I.; Ostrikov, K. Review Article Applications and 










used due to the time-consuming and include: chemical vapor deposition44. 
Thus, the top-down methods are the most utilized preparation methods. The 
first synthesis of GO is the oxidation of graphite using various techniques 
(attributed to Brodie, Staudenmaier, Hummers and Offeman). Because of the 
safer and more scalable process, the Hummers’ method is the most used to 
generate GO. Specifically, Hummers and Offeman made an amount of 
advances on the original top-down techniques to make them harmless, such 
as the addition of sodium nitrate rather than using nitric acid as a solvent and 
the use of potassium permanganate (KMnO4) as an oxidizer, instead of using 




The unique properties of graphene oxide have produced researchers and 
companies to consider using this material in several fields including: 
 Electronics, such as graphene-based effect transistor and chemical 
sensors46 
 Biomedical, such as component in drug delivery systems16 
 
44
 Tour, J. M. Top-Down versus Bottom-Up Fabrication of Graphene-Based Electronics. Chem. Mater. 2014, 
26 (1), 163–171. 
45
 Poh, H. L.; Šaněk, F.; Ambrosi, A.; Zhao, G.; Sofer, Z.; Pumera, M. Graphenes Prepared by Staudenmaier, 
Hofmann and Hummers Methods with Consequent Thermal Exfoliation Exhibit Very Different Electrochemical 
Properties. Nanoscale 2012, 4 (11), 3515–3522. 
46
 Zhan, B.; Li, C.; Yang, J.; Jenkins, G.; Huang, W.; Dong, X. Graphene Field-Effect Transistor and Its 









 Radiant heat material, such as LED lighting, cell phone and PC49 and so 
on. 
 
Introduction to Transition Metal Dichalcogenides 
 
The discovery of graphene and its applications, prompted the study of other 
two-dimensional materials. Another interesting class of the 2D nanomaterials 
family are the transition metal dichalcogenides (TMDs), with a similar layered 
structure of graphene. These include molybdenum disulfide (MoS2), 
molybdenum diselenide (MoSe2), tungsten disulfide (WS2), and tungsten 
diselenide (WSe2) etc.50. The general structure representation is MX2, where 
M is a transition metal typically from groups 4–7 (Mo, W, Ta, Nb, Re and Mn) 
sandwiched between X, parts of chalcogenides (S, Se, Te) as shown in Figure 
4. In a TMD monolayer, the atoms of the transition metal and chalcogen are 
bonded covalently, allowing numerous polymorphs like 1T, 2H, and 3R, which 
refer to one, two, and three layers per unit cell stacking in the tetragonal (T), 
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hexagonal (H), and rhombohedral (R) symmetry, respectively51. The 
consideration about TMDs has been attributed to their excellent optical, 
mechanical and electronic properties resultant from their ultrathin atomic 
single-layer or few-layer structure52. Their unique properties depend from the 
quantum confinement and surface effects that appear during the transition of 
an indirect bandgap (bulk form) to a direct bandgap (monolayers form). This 
tunable bandgap establishes a strong photoluminescence, making TMDs a 
promising candidate for a range of opto-electronic devices, involving photo-
detectors, photo-transistors, solar cells, and light-emitting diodes. Moreover, 
TMDs, which are almost as thin and flexible as graphene, have attracted huge 
research attention in other application fields including catalysis, solid 
lubrication, and more recently biomedicine53. Moreover, TMD nanosheets 
present large specific surface area, facility of modification and easy exfoliation, 
which make them ideal nanomaterials for biomedical applications. For 
instance, their potential for use in multimodal imaging, antimicrobial agents and 
tissue engineering is being studied. However, despite the promise biomedical 
applications, the commercial translation of exfoliated TMDs has been reduced 
because of the low aqueous solubility of these materials54. Nevertheless, a 
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major and very significant research field of TMDs is the consistent production 
of atomically thin 2D layers and the manipulation of the electronic properties 
via scalable methodologies. Specifically, two main approaches have been used 
to obtain TMD monolayers: one is the chemical or mechanical exfoliation from 
the bulk crystals/material and another one is the bottom-up growth method43.  
 




 TMDs Monolayers can be synthesized employing several approaches, for 
instance one of the most used method is the exfoliation such as mechanical 
and chemical exfoliation. However, different methods have been developed 
and could be utilized such as chemical vapor deposition (CVD) as shown in 
Figure 5 and atomic layer deposition (ALD)42. 







This specific procedure allows the production of various layers of TMDs from 
their bulk materials (scotch-tape method) and it is typically utilized to obtain 
single layers. However, the quality of the size of the layers is small (around 
tens of micron) causing a limitation in real device purposes55.  
Chemical exfoliation  
This procedure is a solution-based synthetic method in which TMD precursors 
(typically in the form of powder) is dissolved in certain solutions, followed by 
ultra-sonication. This method is used for the production of several widely used 
TMDs such as MoS2, WS2, MoSe2 and WSe2 and so on. Usually, as a solvent 
in this method dimethylformamide and N-methyl-2-pyrrolidone are utilized, to 
overcome the cohesive energy present between each layer. However, this 
procedure shows some difficulties to maintain the integrate layer/film due to the 
ultra-sonication. An improvement of this method has been developed, such as 
the lithium intercalation method, specially used at the industrial/commercial 
level. In the follow procedure, N-Butyl lithium is used as the lithiation agent and 
hexane is used as the solvent to delete the residuals. The final thickness of the 
TMD layer could be around 1 nm, which is comparable to the mechanically 
exfoliated samples56.  
Chemical vapor deposition (CVD) 
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Another commonly performed method for the synthesis of the TMDs is the 
chemical vapor deposition (CVD). One of the possible routes of TMDs growth 
by CVD is detailed explained in You et al work. For example, for the synthesis 
of MoS2, one possible approach is the thermal composition of precursors such 
as ammonium tetrathiomolybdate, (NH4)2MoS4, in specific conditions like inert 
and reductive ambient and in the presence of hydrogen H2 at low temperature 
to avoid oxidation and to convert (NH4)2MoS4 into MoS2. Usually, it is a two-
step thermolysis procedure. Firstly, (NH4)2MoS4 is dip-coated on substrates 
and Ar/H2 mix flow is introduced and kept at low temperature of 500 °C and low 
pressures of 1 Torr for an hour. Secondly, after the annealing step, high 
temperature (1000 °C) and supplementary sulfur is applied to increase the 
crystallinity and electrical performance57.  
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Figure 5: Chemical Vapor Deposition (CVD) of TMDs. 
Applications 
 
TMDs are increasingly studied worldwide and they can be used in several fields 
and applications like: 
 DNA58 and glucose sensor59 
 Photonic60 and electronic devices61 
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 Antibacterial agent63  
 Cancer therapy64 
 
Introduction to Boron nitride 
 
Another member of the 2D nanomaterials class is boron nitride (BN). Boron 
nitride is an inorganic compound with a flat, hexagonal framework similar to 
graphite, where the carbon atoms are substituted by boron and nitrogen 
atoms65. The alternating boron and nitrogen atoms are bonded forming 
hexagonal rings composed of three boron atoms and three nitrogen atoms, and 
the layers are held together by van der Waals forces (Figure 5). Similar to 
carbon, boron nitride additionally can be produced in amorphous and 
crystalline forms. Specifically, BN occurs in three different allotropes: 
hexagonal boron nitride (h-BN), sphalerite boron nitride (β-BN) and wurtzite 
boron nitride (ɣ-BN)66. Moreover, BN shows interesting physico-chemical 
properties, like high electrical resistivity, resistance to thermal shock and 
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inertness to most chemical compounds. Specifically, the allotrope of hexagonal 
boron nitride is used in the electronic industry as an electrical insulating and 
dielectric material working in an extensive temperature range at high-
frequencies67. Furthermore, its decomposition temperature is around 3000°C, 
allowing the application of BN in several numbers of industries such as nuclear, 
chemical and precision metallurgy68. Considering the similarity with the 
graphene structure, this material has also attracted a significant attention in the 
biomedical field in the latest years.  
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Similar to graphene and TMDs, BN can be synthesized via top-down (typical 
exfoliation-type approaches) or bottom-up approaches (usually CVD or other 
deposition techniques).  
Mechanical Exfoliation  
The procedure is similar to the previous mechanical exfoliation of other 2D 
nanomaterials, also identified as the “scotch tape method,” or micromechanical 
cleavage method. Within this procedure, it is possible to isolate the layers in a 
controlled way down to monolayers, maintaining big flake size69.  
Solvent-Assisted Ultrasonication  
In this method boron nitride is dispersed in a solvent following sonication, the 
sample tends to exfoliate because of the energy that is generated by the 





69 Island, J. O.; Steele, G. A.; Can Der Zant, H. S. J.; Castellanos-Gomez, A. Mechanical Manipulation and 
Exfoliation of Boron Nitride Flakes by Micro-Plowing with an AFM Tip. 
70 Nie, X.; Li, G.; Jiang, Z.; Li, W.; Ouyang, T.; Wang, J. Co-Solvent Exfoliation of Hexagonal Boron Nitride: 







Acid Exfoliation  
Usually, boron nitride is normally neutral when reacting to acids, however it has 
been reported that using a strong protic acid such as methyl sulfonic acid 
(MSA) exfoliation of BN it is possible.71 
Chemical Vapor Deposition 
CVD is another typical method and it is reliant on the use of reactive precursors 
such as gaseous, liquid, and solid precursors. As reported by et al the gaseous 
precursors are more toxic (for example BF3/NH3, BCl3/NH3, and B2H6/NH3) and 
necessitate meticulous ratios of gases to preserve a 1:1 B/N stoichiometry. 
Moreover, the borazine liquid precursor, shows equivalent amounts of boron 
and nitrogen atoms, and do not produce highly toxic side products. Finally, for 




Similar to the other class of 2D nanomaterials, boron nitride has attracted 
tremendous attention and investigation research regarding its potential use, 
including: 
 Dielectrics in Next-Generation nano-electronic devices73  
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 Protective Coatings74  
 Cosmetics75 
 Gas sensing such as ammonia76 and ethanol77  
 Functionalized BN as a candidate for imaging and cancer therapy78 
 Piezoelectric devices79 and so on. 
 
Potential hazards of 2D nanomaterials for human health and environment 
 
Understanding the toxicity of nanoparticles toward human health and their 
potential toxicological impact into the environment it is crucial because of the 
high potential exposure. Thus, several authors raised concerns about their 
safety. Specifically, it is very unlikely that 2D nanoparticles could be introduced 
into humans in sufficient concentrations to trigger adverse effects. However, 
some of them might be inhaled in certain workplaces in significant amounts.  
Human exposure 
 
The main access of NPs to the human body can occur essentially through the 
lungs, the skin or the intestinal tract. The first target organs are the lungs, where 
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small particles can be blocked and removed by the rhythmical beating action 
of microscopic protrusions (cilia). However, particles in the nanoscale, can 
overstep this barrier and reach the gas-exchanging tissues and be 
phagocytized by macrophages. Consequently, these cells then transport the 
particles from the lungs to the lymphatic vessels and could cause excessive 
inflammation and thus destruction of lung tissue80. Another important human 
barrier is the skin, formed by the epidermis, protected by a hydrophobic lipid 
layer. Usually, the epidermis is impermeable to several particles, however in 
damaged conditions such as abrasions, cuts and perforations it could be less 
effective as a protective barrier against NPs81. The last human barrier from NPs 
is the gut, where its epithelium is impermeable to large molecules. However, 
the small size of NPs allows them to translocate into the bloodstream and 
access each organ upon crossing the gut epithelium82. 
Environment exposure 
The biocompatibility and degradation of 2D layered nanomaterials and their 
effect on living organisms or at the larger level of ecosystems is an important 
area of study as these materials find increasing applications and uses83. 
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Likewise, it is indispensable to close knowledge-gaps across the potential 
human exposure and the life cycle analysis of 2D nanomaterials, in order to 
correctly assess and manage the risks of these materials. Additionally, due to 
the wide-ranging spectrum of applications, 2D nanomaterials could be exposed 
to agricultural soil and water. For instance, the release into water could 
determine transformation in the form of aggregation, oxidation, or changes in 
the chemical state84. Thus, understanding the interaction between these 
nanomaterials and the environment and assessing their biological effects on 
several organisms is urgently needed85.  
Nanotoxicology of 2D materials 
 
The principal purpose of nanotoxicological studies is to define the 
toxic/hazardous effects of nanomaterials on living organisms and on the 
environment. The potential toxicity of these systems is closely related on 
several factors including the physico-chemical properties of nanomaterials 
such as size, shape, surface area, purity etc. (Figure 7)86 It is well-known that 
size plays a central role for the reactivity of the 2D nanomaterials and thus in 
their nanotoxicology. Reducing size results in an increase of the specific 
surface. In addition, size determines the cellular uptake mechanisms. For 
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instance, regarding the active uptake mechanisms, nanoparticles up to 100 nm 
can be taken up by pinocytosis, caveolin and clathrin molecular pathways, 
although larger nanoparticles are taken up by phagocytosis and 
macropinocytosis87. Other physico chemical factors can influence the possible 
toxicological responses of 2D nanomaterials. For example, particle 
agglomeration and sedimentation can influence the uptake and consequently 
the toxicity of nanoparticles88. Moreover, the morphological characteristics 
including nanotubes and nanowires, and various shapes, such as spherical, 
oval, cubic exist as powders, suspension, or colloids. Another important factor 
to take into consideration is the dose and concentration of the nanoparticles 
exposed to living systems. There are numerous conflicting results correlated to 
the toxic effects of NPs at different concentrations. In addition, it has been 
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Figure 7: Physico chemical proprieties of nanomaterials. 
 
Layered nanomaterials can adsorb different molecules upon contact with 
biological medium or abiotic environments, making for instance the so-called 
protein corona. Specifically, the biophysical properties of nanoparticles 
covered by a protein corona might change drastically from those of pure 
particles and thus, alter notably their biological responses90. Hence, taking in 
consideration these several physico chemical factors, numerous in vivo and in 
vitro studies have been done for the evaluation of the potential safety of 2D 
nanomaterials, due to the applications and future additional prospective in the 
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biomedical field. In the follow paragraph, the scientific knowledge and gaps 
regarding the in vitro toxicological studies of the selected 2D nanomaterials 
used in this thesis are briefly discussed.  
Toxicity of Graphene Oxide 
 
A great amount of toxicological studies, both in vitro and in vivo have evaluated 
the interaction of graphene-based nanomaterials with various living systems 
such as mammalian cells, prokaryotic cells and animal models. For instance, 
Lv et al91 studied the specific interaction of graphene oxide within 
neuroblastoma cells (SH-SY5Y) showing that the viability was affected in a 
dose and time dependent. Moreover, Yuan et al92 showed the less toxic effects 
of GO in comparison to single-walled carbon nanotubes (SWCNTs), inducing 
less mitochondrial damage, ROS generation, apoptotic cell toward human liver 
carcinoma cells (HepG2). In addition, the dose and time toxicity of GO was 
confirmed by Horváth et al where the it was possible to observe the cellular 
internalization of GO inside phago-endosomes toward lung epithelial cells 
(A549) and murine macrophage cells (RAW 264.7)93. These and more similar 
studies indicate that toxicity of graphene could be dependent on several factors 
such as dose and time of exposure, shape and size, purity and synthesis 
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methods etc. For instance, the morphology of GO could strongly influence the 
potential cellular uptake whereas the presence of the functional groups can 
alter the interactions with several biomolecules, micronutrients and proteins. 
Another important feature, is that even though there are various forms of 
graphene nanoparticles, GO has been the greatest commonly used for 
biomedical applications94. Moreover, in that regard, several works have been 
conducted to investigate the potential antimicrobial activity of GO toward 
prokaryotic cells. For instance, Chen et al shown the extremely prominent 
dose-dependent antibacterial activity of GO and reduced graphene oxide, 
inducing strong cell membrane damages and oxidative stress in Xanthomonas 
oryzae95. Moreover, the potential use of GO as an antibacterial agent has been 
showed also by Hu et al, where cellular viability of Escherichia coli was strongly 
affected by the presence of the nanomaterial96. Furthermore, in another similar 
work, the size and shape of GO could strongly influence the grade of the toxic 
effects toward bacteria. Specifically, Liu et al demonstrated the size-dependent 
antibacterial activity of GO sheets (larger sheets induced higher antibacterial 
effects) in the bacteria E. coli97. However, very few studies compared the 
potential adverse effects of commercial GO using different eukaryotic and 
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prokaryotic cellular models. More detailed studies are needed to examine and 
fully understand the toxicity of commercial graphene oxide nanomaterials and 
to properly associate the biological phenomenon with their chemical, structural, 
and morphological variations. Consequently, the focus of Chapter 2 of this 
thesis, is to provide new source of nanotoxicological results, data and 
approaches for graphene-oxide materials. 
Toxicity of Molybdenum Disulfide and Tungsten Disulfide 
 
Molybdenum disulfide (MoS2) and Tungsten disulfide (WS2) nanomaterials, 
which appertain to the TMDs family, have recently originate various 
applications in the biomedical and environmental fields due to their outstanding 
physicochemical properties. However, little is known about their specific 
interactions with biological systems. Few works have investigated the potential 
impact of these 2D layered materials toward mammalian cells. For instance, 
Moore et al explored the cytotoxicity, cellular uptake and inflammatory 
responses in A549 cells, adenocarcinoma of the stomach cells (AGS) and 
leukemic monocytes cells (THP-1) succeeding incubation with MoS2 flakes of 
varying sizes. The results indicated that the three different MoS2 sizes did not 
induce any toxic effects on all the cell-lines98. Moreover, a similar no cytotoxic 
effects was observed with WS2 nanoparticles. In this study, et al showed  in a 
series of biocompatibility tests, that WS2 did not induce any adverse effects on 
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human epithelial kidney cells (HEK293f)99. Additionally, cytotoxicity 
examinations of fullerene-like MoS2 and WS2 on human cell-lines, salivary 
gland cells and A549, showed the non-toxicity due to the high cell viability after 
prolonged exposure to TMDs100. Furthermore, both MoS2 and WS2 were also 
investigated to understand their potential antibacterial effects toward several 
prokaryotic cells. Specifically, in this work it has been demonstrated the 
antimicrobial behavior of MoS2 toward E. coli due to the physical damage of 
the cellular membrane and over production of oxidation stress such as 
superoxide anion (O2˙-)101. In another similar work, the antibacterial activities 
of WS2 nanosheets against E. coli and Staphylococcus aureus was evaluated 
studying the cellular vitality. The results showed the time and concentration 
dependent antibacterial activity (retardation of bacterial growth) for both 
bacterial strains102. However, the potential toxicity of these two TMDs 
nanomaterials toward the cellular model S. cerevisiae is very scares. Moreover, 
the majority of the works have been focused on the use of laboratory made 
MoS2 and WS2. Consequently, in Chapter 3 we discuss the potential impact 
and adverse effects of the selected commercial TMDs, with different physico-
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chemical proprieties such as size, shape and method of synthesis, toward 
A549 cells and yeast. 
Toxicity of Boron Nitride 
 
Conflicting results have been described in the scientific literature on the 
cytotoxicity of boron nitride. It is well known in nanotoxicology how several 
physico-chemical factors can alter the biocompatibility of a particular 
noncompound. It is possible to observe a similar situation for BN 
nanocomposites and the strong alterations on biological responses of living 
systems in relation to shape, size and concentration of BN materials103. For 
instance, et al showed the high biocompatibility of functionalized boron nitride 
nanotubes (G-chitosan-coated) toward human neuroblastoma SH-SY5Y cells. 
The boron nitride nanotubes did not affect the DNA concentration, cell viability, 
apoptosis, or ROS formation104. Similar studies, where BN did not induce any 
toxic effects, were performed using other mammalian cells such as HEK293 
cells and Chinese hamster ovary (CHO) cells105. However, the results 
presented above contradict other toxicological studies. For example, in this 
work, boron nitride nanotubes are cytotoxic toward lung epithelial cells (A549), 
alveolar macrophages (RAW 264.7), and fibroblast cells (3T3-L1) and in 
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human embryonic kidney cells (HEK 293). Specifically, after 48-h the toxicity of 
BN nanotubes was time-, dose-, and cell type-dependent, where the maximum 
cytotoxic effect was detected in macrophages (high phagocytic activity) and the 
lowest toxic effect was observed in HEK293 cells with the lowest endocytic 
activity106. Hence, the biocompatibility is an important property for future 
biomedical applications of BN, but the conflicting results need more 
investigation and research. Thus, in Chapter 4, we investigated the potential 
toxicity of amorphous nano compounds of two different commercial BN toward 
A549 cells. In addition, several authors investigated whether BN, a 
nanomaterial with extensive similarities to graphene, might exhibit similar 
antibacterial properties. For example, in this study, the antimicrobial activity of 
BN composites was evaluated against Escherichia coli, Pseudomonas 
aeruginosa, Staphylococcus epidermidis and Staphylococcus aureus by the 
colony forming units (CFUs) counting method107. The authors showed that the 
BN composites physically interact with the bacterial cellular envelope, causing 
irreversible physical damage. Moreover, another work demonstrated via 
experimental and simulation-based approaches that BN nanosheets trigger 
degradation of bacterial cell membranes (outer and inner membranes)108. 
However, few works investigated the potential antimicrobial and antifungal 
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activity of BN. Hence, in Chapter 4 we focused on the study of the cell viability 
and oxidative stress production of S. cerevisiae after the exposure to BN 
nanoparticles, demonstrating high biocompatibility toward the selected cellular 
model in the condition selected. 
Aim of the research thesis 
 
This research thesis is focused on the evaluation of the potential toxicological 
effects of different 2D nanomaterials such as graphene oxide (GO), TMDs like 
molybdenum disulfide (MoS2) and tungsten disulfide (WS2) and boron nitride 
(BN). Because of the increased use of these materials and the contradictory 
results in the scientific literature, the need of understanding their toxicological 
potential and environmental fate it is crucial. In addition, there is a lack in the 
literature regarding the toxicological impact of the degradation products of 
TMDs and the comparison of the biological effects of 2D nanomaterial toward 
different cellular models. Hence, commercially available materials were 
selected and studied in order to shed light into the correlation of their physico-
chemical properties with their nanotoxicology effects. Using different in vitro 
approaches, we investigated the biological responses to the exposure to 
various concentrations and time of the selected nanomaterials. Several cellular 
models were used, specifically adenocarcinomic human alveolar basal 
epithelial cells (A549 cells), the yeast Saccharomyces cerevisiae, the bacteria 
Vibrio fischeri and prokaryotic enzymes. Consequently, to evaluate the 
percentage of living cells after incubation with the nanomaterials, specific 







cytofluorimetry, CFU (Colony Forming Unit) and bioluminescence inhibition. 
Moreover, the percentage of ROS (reactive oxygen species) production was 
evaluated using the DCFDA assay and in addition the potential inhibition of the 
activity of several prokaryotic enzymes was studied. The discussion of the 
observed results enhances our knowledge about the hazards associated to the 
use of these 2D nanomaterials which present a bright future in real world 
applications. Specifically, in Chapter 2, we focused on the investigation of the 
ability of commercial monolayer graphene oxide (GO) and graphene oxide 
nanocolloids (GOC) to interact with different unicellular systems and 
biomolecules. Human alveolar carcinoma epithelial cells, the yeast S. 
cerevisiae and the bacteria V. fisheri were exposed to the presence of different 
nanoparticle concentrations and the toxicological results are deeply explained. 
Moreover, the binding affinity of different microbial enzymes, like the α-L-
rhamnosidase enzyme RhaB1 from the bacteria Lactobacillus plantarum and 
the AbG β-D-glucosidase from Agrobacterium sp. with these materials were 
studied. In Chapter 3, we focused on the study of the physicochemical 
properties and the toxicological potential of commercially available MoS2 
nanoparticles with different lateral size and degradation stage were studied. 
The structure and stoichiometry of fresh and aged aqueous suspensions of 
micro-MoS2 and nano-MoS2 was analyzed by Raman spectroscopy, while X-
ray photoelectron spectroscopy (XPS) allowed to identify more quantitatively 
the nature of the formed oxidized species. We used similar techniques to those 
described in Chapter 2, to investigate the toxicological effects toward A549 







results indicated that all the MoS2 nanoparticles induced sublethal damage on 
the A549 cells though the increase of intracellular ROS levels, while 
comparable concentrations reduced the viability of yeast cells. In addition, 
another work focused on the potential toxicity of WS2 is introduced in this 
chapter. In this study, we performed a similar research study to the MoS2 work. 
Specifically, the physico-chemical characteristics and the in vitro toxicological 
potential of different commercial WS2 nanoforms was assessed. The two 
samples, present in particles suspension stocks, such as micro WS2 and nano 
WS2 and the two other samples present in powders form were analyzed using 
TEM, Raman and XPS analysis to study physico-chemical proprieties such as 
the structure and stoichiometry. The toxicological potential of all the WS2 
nanoforms was evaluated performing the cellular viability and the oxidative 
stress assays, in two different eukaryotic cellular models: A549 cells and the 
yeast Saccharomyces cerevisiae. The toxicological results indicate different 
biological responses in relation to the commercial WS2 products, showing 
significant differences in the toxicological impact. In Chapter 4, the potential 
toxicity of two different commercial boron nitride (BN) nanomaterials have been 
explored evaluating the physicochemical properties, to identify possible 
alterations in the toxicological behavior in relation to the size and the shape of 
the particles selected and comparing the biological responses toward different 
cellular models (always A549 cells and yeast). Both the commercial selected 
nanomaterials did not induce any toxicity in the two cellular models. Overall, in 
this research thesis we investigated whether existing commercial 2D products 







concentrations and exposure times. In addition, we explored the potential 
environmental fate of 2D nanomaterials providing new information of their risk 
assessment dealing with the complex physico-chemical factors that could 
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Abstract 
The ability of commercial monolayer graphene oxide (GO) and graphene oxide 
nanocolloids (GOC) to interact with different unicellular systems and 
biomolecules was studied by analyzing the response of human alveolar 
carcinoma epithelial cells, the yeast Saccharomyces cerevisiae and the 
bacteria Vibrio fisheri to the presence of different nanoparticle concentrations, 
and by studying the binding affinity of different microbial enzymes, like the α-L-
rhamnosidase enzyme RhaB1 from the bacteria Lactobacillus plantarum and 
the AbG β-D-glucosidase from Agrobacterium sp. (strain ATCC 21400). An 
analysis of cytotoxicity on human epithelial cell line A549, S. cerevisiae (colony 
forming units, ROS induction, genotoxicity) and V. fisheri (luminescence 
inhibition) cells determined the potential of both nanoparticle types to damage 
the selected unicellular systems. Also, the protein binding affinity of the 
graphene derivatives at different oxidation states was analyzed. The reported 
results highlight the variability that can exist in terms of toxicological potential 
and binding affinity depending on the target organism or protein and the 
selected nanomaterial. 
Keywords 
Graphene, unicellular organisms, toxicity, binding capacity, ATR-FTIR, TEM, 
ICP-MS 
 










The interest in the immobilization of microorganisms and microbial enzymes 
for biotechnological applications has been continuously rising during the last 
decades because of several factors, including the increased availability of 
microbial strains and biocatalysts tailored to new applications, the development 
of new immobilization supports with improved properties, and the need of a 
shift toward the use of more sustainable processes in different industrial fields 
[1,2,3,4,5].The immobilization of microorganisms and enzymes on solid 
carriers leads to a number of benefits. Immobilized biocatalysts facilitate the 
efficient recovery and separation of the reaction product, the reutilization of the 
biocatalyst, and enhance the safety of the material handling (i.e., preventing 
the appearance of allergies). The use of solid supports of microbial cells for the 
production of high-value compounds (chemicals, enzymes, etc.) and 
transformation processes in multiple fields (e.g., agricultural, environmental, 
food, medical, etc.) has been explored as well to enhance the microbial 
biological activity, to facilitate their delivery and to separate them more easily 
from the fermentation broth [3,5,6,7,8].Therefore, during the last years there 
has been an emerging interest in biocompatibility studies for interfacing 
biological systems with artificial materials. Unicellular microorganisms, such as 
bacteria, fungi, and algae, have been utilized extensively for the encapsulation 








During the last 40 years, a range of different materials have been investigated 
as enzyme and microbial immobilization matrices: from organic compounds, 
like natural alginate or carrageenan or synthetic polymers, to inorganic 
compounds, such as processed or natural minerals, like silica [3,9]. In the last 
decade, the focus has been put in the use of nanocomposites as promising 
immobilization matrices. This is, in part, due to the enormous functional surface 
area they provide, which increases the microbial and enzyme loading. Metal 
and carbon derived nanomaterials, as well as electrospun nanofibers have 
taken the lead in this area [5,8,10,11]. Regarding the use of nanoparticles, an 
extensive number of studies have described the properties of different 
nanomaterials such as magnetic nanoparticles, including iron oxide (Fe3O4 and 
γ-Fe2O3), alloy-based (CoPt3 and FePt), pure metal (Fe and Co), and spinel-
type ferromagnets (MgFe2O4, MnFe2O4, and CoFe2O4)[12],  or carbon derived 
nanoparticles, namely single and multiwall carbon nanotubes, graphene, 
graphene oxide, fullerene, etc.[4,13,14,15], as suitable carriers for enzymes of 
industrial interest. Similarly, applications for the use of these types of 
nanomaterials for the immobilization of prokaryotic and eukaryotic 
microorganisms have been investigated [11,16,17,18]. 
Among the different carbon-derived nanomaterials, graphene oxide has 
received a particular focus for biological applications because of its vast 
surface area, electroconductivity, superflexibility, and thermal stability, which 
makes this type of nanomaterial a suitable biological carrier [19,20]. Currently, 







expanding the availability of possible microbial and biomolecule immobilization 
materials for different applications. The use of distinct commercial graphene 
oxide nanoparticles can influence dramatically the biocatalyst loading, 
biochemical properties, and stability. For this reason, the selection of an 
optimal biocatalyst-carrier combination makes advisable a thorough screening 
of the available options4. Also, in regard to the suitability of graphene oxide 
derivatives as support for microbial immobilization, conflicting results relating 
biocompatibility and cytotoxicity induced by these nanomaterials have been 
reported in the literature[21], which could be in part due to their heterogeneity 
in functional groups composition, the presence of different amounts of trace 
elements, their size and morphology, etc. The fact that the materials used in 
most biocompatibility and toxicology studies are mostly homemade makes it 
challenging to achieve highly reproducible results. According to previous 
reports, graphene oxide nanoparticles have dose- and size-dependent toxicity 
toward different cell lines, such as human fibroblast, human hepatocellular 
carcinoma, human skin keratinocyte, etc. [22,23,24,25,26]. However, the 
amount of literature available focusing on the biocompatibility analysis of 
graphene with microbial cells is much scarcer. 
In this research study we selected two graphene derivatives: monolayer 
graphene oxide (GO; supplied by Graphenea) and graphene oxide 
nanocolloids (GOC; supplied by Sigma-Merk), and both their toxicological 
potential against different unicellular organisms and their binding affinity toward 







Results and Discussion 
Characteristics of the Selected Commercial Graphene Oxide Derivatives 
The physical-chemical properties of the graphene oxide derivatives selected 
for this study were recently determined [4]. Microscopy analyses using AFM 
and TEM instruments showed that GO and GOC flakes were mostly in 
monolayer state and had a different size, while the analysis of their composition 
revealed a high similarity between both nanomaterials. In the present study, 
the same commercial nanomaterials’ suspensions were selected, but a new 
batch of the GOC material was used (for more details see the Materials and 
Methods section). Therefore, we decided to perform a new microscopy and 
spectroscopy analysis to confirm the physico-chemical properties of the new 
GOC sample. Surprisingly, new AFM and TEM analyses revealed that the 
nanoparticles of the new GOC batch were morphologically very different to the 
older GOC batch (GOCo), showing instead a high similarity in morphology and 








Figure 1. AFM and TEM analysis of graphene oxide (GO) (a) and graphene 
oxide nanocolloids (GOC) (b). Graphene suspensions with a final concentration 
of 20 mg L−1 were deposited by drop casting on a mica surface and carbon-
coated copper grids respectively. 
AFM topography imaging showed that both nanomaterial types have a wide 
lateral size distribution, ranging from the nanometric to the micrometric scale, 
while the flakes thickness is around 1–2 nm. Graphene oxide nanomaterials of 
similar characteristics have been reported to produce membrane-damaging 
activity in different unicellular systems [25,27,28]. 
The FTIR spectra of GO and the new GOC batch was determined as well, and 
both nanomaterials showed to be very similar in their oxygen functional groups 
content (Figure 2). Following the tentative assignments given in the figure, the 
most significant difference found between GO and GOC was that the former 







could be related with the increase in the intensity of ν(C–O) stretching modes 
reported by other authors [29]. 
 
Figure 2. ATR-IR spectra of different graphene derivatives: GO (red) and GOC 
(blue), in the 4000–400 cm−1 (a) and 2000–400 cm−1 regions (b). 
The results obtained indicate that the reproducibility in the production of 
commercial graphene oxide may still have relevant issues, making essential 
for the end user to confirm that the purchased product matches with the 
expected characteristics. 
Since the presence of trace metal impurities in graphene derivatives, either 
contained in the graphite precursor or transferred by reactants used in the 
nanomaterial preparation, has been previously described, a trace element 
analysis of GO and GOC was done by inductively coupled plasma mass 
spectrometry (ICP-MS). As shown in Table 1, the presence of different metallic 
elements was observed in GO and GOC, although the concentration of most 







concentration of some of the identified metals and metalloids were observed 
between both nanomaterials. 
Table 1. Inductively coupled plasma mass spectrometry (ICP-MS) analysis of 
GO and GOC. Values below the detection limit of the ICP-MS procedure are 
also shown. 
 GO (ppm) GOC (ppm) 
 
 Al 
0,160 ± 0,113 1,445 ± 0,106 
B <0,004 1,600 ± 0,255 
Ba 0,006 ± 0,008 0,214 ± 0,006 
Ca 0,063 ± 0,088 0,835 ± 0,035 
Cu 0,052 ± 0,039 0,581 ± 0,030 
Fe 0,379 ± 0,067 1,899 ± 0,033 
Ga 0,004 ± 0,006 0,047 ± 0,000 
K 3,770 ± 0,184 2,628 ± 0,252 
Mg 0,350 ± 0,028 2,000 ± 0,113 
Mn 34,700 ± 0,156 62,405 ± 0,233 
Mo 0,029 ± 0,002 0,017 ± 0,001 
Na 1,240 ± 0,509 4,810 ± 0,057 
Ni 0,027 ± 0,020 0,027 ± 0,007 
Pb 0,054 ± 0,023 0,152 ± 0,009 











Overall, the concentration of metallic elements was higher in GOC than in GO. 
Both nanomaterials showed to have a high content of Mn (GO: 34.700 ppm; 
GOC: 62.405 ppm) and K (GO: 3.770; GOC: 2.628 ppm), which suggests they 
were obtained through the Hummer’s method, which is the most common 
oxidation method currently used for GO production and known to result in 
residual manganese accumulation because of the use of permanganate 
oxidant (KMnO4)[30]. Additionally, ICP-MS data suggested the possible 
presence of S in both nanomaterials, which can be present as well in graphene 
oxide prepared through the Hummer´s method, being its content significantly 
higher in GO. However, the obtained results in case of GOC were close to the 
background noise. For this reason, to get further insight into the possible 
presence of sulfur species and the differences in their content between GO and 
GOC, XPS analysis was performed. Again, the obtained results indicated that 
S species were higher in GO (relative atomic percentage: 0.6%) than in GOC, 
where a reliable quantitative value could not be determined. The presence of 
organosulfate groups in graphene oxide is described, and suggested to be 
responsible for part of the reactivity of this nanomaterial, such as in the 
Sr 0,008 ± 0,001 0,034 ± 0,001 
V <0,0001 0,006 ± 0,001 
W 0,004 ± 0,001 0,006 ± 0,001 







immobilization of adsorbed species [31]. However, we could not get insights on 
the type of S species (e.g., organic or inorganic) present in GO or GOC. 
Determination of Human Cancer Cell Line A549 Response to GO and GOC 
The viability of the human cell line A549 after 24 h of exposure to 40, 80, and 
160 mg L−1 of GO and GOC was analyzed using the neutral red uptake and 
MTT assays. The neutral red assay is based on the ability of healthy cells to 
incorporate and retain the neutral red dye in their lysosomes, which is an 
indicator of the cell’s capacity to maintain pH gradients through the production 
of ATP, and thus a viability indicator. In Figure 3, the results obtained for neutral 
red assay are presented. No negative effects on cell viability was observed in 
any of the concentrations tested for both nanomaterials, showing all the studied 
conditions (negative control and exposed cells) a similar percentage of viable 
cells. 
 
Figure 3. Viability of A549 cells (neutral red assay) treated with different 
concentrations of GO (left) and GOC (right). Results are expressed as % of 







three independent replicates. Differences were established using a one-way 
ANOVA followed by Dunnett post hoc test to compare every mean with the 
control, and considered significant at p ≤ 0.05. * p ≤ 0.05. 
The MTT assay is based on the ability of viable cells with active metabolism to 
convert MTT into a purple colored formazan product that can be measured at 
OD 590 nm, being this color formation a useful marker to assess cells viability. 
The cytotoxicity studies conducted using this assay (Figure 4) revealed that 
cells exposed to GOC presented a slight decline in viability at the higher 
concentrations tested, being statistically significant in the case of cells exposed 
to 160 mg L−1, whereas in cells incubated with GO, no significant differences 
were found between controls and samples. 
 
 
Figure 4. Viability of A549 cells (MTT assay) treated with different 
concentrations of GO (left) and GOC (right). Results are expressed as % of 
control (untreated cells). Data represent the mean (±standard deviation, SD) of 







ANOVA followed by Dunnett post hoc test to compare every mean with the 
control, and considered significant at p ≤ 0.05. * p ≤ 0.05. 
The toxicity of graphene oxide in human cell lines has been widely investigated 
in different studies. However, the results and conclusions reached by them are 
apparently inconsistent, as evidenced by some of the recent reviews [21,32]. 
Several factors, such as the size, the surface chemistry, or the levels of 
impurities, critically affect the physico-chemical properties of the nanoparticles 
and, subsequently, the interactions with cells, which lead to differences in their 
inherent cytotoxicity. Moreover, the toxicity of GO varies greatly depending on 
the cell line and cell type exposed [33]. In our experiments, only a slight 
statistically significant decrease in viability was detected in A549 cells treated 
with 160 mg L−1 of GOC (less than 15% of decrease) performing the MTT 
assay, whereas no negative effect was detected in the NR assay. It is also 
important to mention that in both assays a different number of cells per well 
were used, being six times lower in the MTT assay. Even in this case, where 
the nanoparticle/cell exposure ratio was higher, both GO and GOC 
demonstrated to be safe in terms of cell viability. These results are in 
concordance with the work of Chang et al. [34], which was performed using the 
same cell line. These authors described the good biocompatibility of GO, 
describing only a slight decrease in the viability after an exposure to high doses. 
In contrast, other authors observed a negative effect on the viability caused by 
these nanoparticles on A549 cells. Gies et al. described a size and dose 







after 24 h of exposure to high concentrations of GO (100 and 200 mg L−1) [33]. 
Likewise, Reshma et al. showed a dose-dependent decrease in viability of cells 
treated with reduced GO (rGO) and PEGylated GO [35]. These authors 
observed a significant reduction from concentrations of, at least, 25 mg L−1. 
Mittal et al. analyzed the interaction between three graphene oxide derivatives 
with A549 cells [36], observing a significant reduction of viability over 48 h of 
exposure even at low concentrations, whereas Hu et al. described only a mild 
effect in cytotoxicity of A549 cells exposed during 24 h to GO and rGO, being 
significantly higher in the case of the latter [37]. This variability between the 
results obtained using the same cell line could be attributed to the factors 
explained above, such as the levels of impurities present in the nanoparticles, 
or even the oxidative method through which the nanoparticles were prepared, 
which influence their toxicological behavior [38]. 
In relation to the possible induction of oxidative stress by GO and GOC, the 
DCFH-DA assay was used to measure the reactive oxygen species (ROS) 
levels on the A549 cells after contact with different concentrations of the 
nanomaterials. Figure 5 shows that the ROS levels were significantly increased 
in A549 cells after 1 h of exposure to both nanoparticles, being this induction 








Figure 5. Reactive oxygen species (ROS) production of A549 cells treated with 
different concentrations of GO (left) and GOC (right). The reported values are 
expressed in arbitrary units and correspond to the averages of two biological 
replicates per culture condition. Data represent the mean of three replicates 
(±standard deviation, SD). Differences were established using a one-way 
ANOVA followed by Dunnett post hoc test to compare every mean with the 
control, and considered significant at p ≤ 0.05. ** p ≤ 0.01, *** p ≤ 0.001, 
**** p ≤ 0.0001. 
Our assays were performed using concentrations of both nanoparticle types up 
to 40 mg L−1. From that concentration, we have observed that in our 
experimental procedure the fluorescent response may be masked by both GO 
and GOC, leading to an underestimation of the ROS production. Either way, 
our results demonstrate that the low concentrations tested in our assays are 
enough to produce statistically significant levels of oxidative stress after 1 h of 
incubation, being this much higher in the case of GO. The induction of oxidative 







reported in several works using different cell lines [39,40,41]. These 
nanomaterials can induce cellular damage through the formation of ROS by 
their interaction with cellular membranes. In the specific case of A549 cell line, 
several works have demonstrated their ability to induce ROS release. For 
example, Chang et al. found that GO exposure can induce oxidative stress at 
low concentrations [34]. Mittal et al. observed an overproduction of ROS in 
A549 cells in contact with GO and their derivatives, as well as in other human 
lung cells such as the BEAS-2B cell line [36]. In both studies, the times of 
exposure tested were longer than the times used in the present work. In any 
case, based on our results and in previous reports, it has been evidenced that 
an acute exposure of human cells to graphene oxide can induce high oxidative 
stress levels. 
High levels of ROS can cause damage to different biomolecules of the cell, 
such as proteins or nucleic acids, which can lead to activation of apoptosis. In 
order to assess whether the levels of ROS produced by A549 cells after being 
exposed to GO and GOC can induce an apoptotic response, we quantified the 
percentages of apoptotic and necrotic cells using flow cytometry, upon the 
addition of different nanoparticles concentrations for 24 h. The obtained results 
have shown that cells treated with different GO concentrations (Figure 6b; 40, 
80, 160 mg L−1) showed a constant 93–95% of viable cells, similar to the 
untreated control sample (Figure 6a). In the case of GOC, we evidenced a 







a positive control for the assay, we used cisplatin (a common chemotherapeutic 
agent) which induced over 40% cell death (Figure 6a). 
 
 
Figure 6. Flow cytometry analysis of apoptosis response of A549 cells treated 







staining with Annexin V-FITC and propidium iodide (PI). Results are displayed 
as density plots and expressed as percent (%) live (low left quadrants), 
apoptotic (low right quadrants), and necrotic (upper right quadrants) cells (a,b) 
of the total cell population excluding doublets. Histograms (c) show distribution 
of PI signal in cells treated with increased doses of GO and GOC. 
Interestingly, we found that the PI signal was decreasing in a dose-dependent 
manner in GO- and GOC-treated cells (Figure 6c). However, despite the signal 
to noise ratio diminution for the PI staining, this did not impede the 
quantification of the PI+ cell subpopulation. The PI signal decrease is probably 
caused by the quenching of the dye by the nanoparticles, as previously 
reported [42,43]. The quenching could be due to the energy transfer from the 
fluorophore to the metal [42] or in the case of graphenes, it could be due to the 
excitation of an exciton too [43]. Wu et al. found that the quenching efficiency 
of GO was still around 30% when the distance between dyes and GO was 
increased to more than 30 nm [44]. 
Several studies have described the impact of graphene-based materials on 
different types of programmed cell death, including apoptosis [45], in diverse 
cell lines, through distinct mechanisms such as caspase activation or DNA 
fragmentation [46,47]. For example, in the A549 cell line, the implication of 
graphene nanopores in the induction of early apoptosis was described and, at 
concentrations higher than 250 mg L−1, late apoptosis was observed too [48]. 
In addition, Adil et al. observed that apoptosis can be triggered by green 







oxide [49], while Mbeh et al. described that high concentrations of graphene 
oxide nanoribbons (100 mg L−1) can also cause cell apoptosis [50]. However, 
other authors did not find any evidence of apoptosis induction in A549 cells 
after treatment with GO derivatives. For instance, Chang et al. observed that, 
independently of dose and size, GO did not induce any apoptosis or necrosis 
in A549 cells [34]. Moreover, Hu et al. described that apoptosis did not occur 
in A549 cells treated with GO nanosheets after a 24-h exposure with 20 and 
85 mg L−1 [37]. Finally, Yang et al. found that the exposure to different graphene 
quantum dots, even at high concentration (200 mg L−1), did not result in 
apoptosis induction [51]. The results described in these latter works are in 
concordance with our observations, since, in spite of the fact that both GO and 
GOC produced oxidative stress in A549 cells, no significant increase in 
apoptosis was detected at concentrations up to 160 mg L−1. 
Determination of Saccharomyces Cerevisiae Cells Response to GO and 
GOC 
The viability of S. cerevisiae cells exposed to two different GO and GOC 
concentrations (160 and 800 mg L−1) and exposure times (2 and 24 h) was 
assessed through colony forming units (CFU) determination. As displayed in 
Figure 7, no significant differences in viability were observed in the selected 
exposure conditions after 2 h of exposure, except for the condition where a 
high GOC concentration was used. However, after 24 h, viability issues could 
be observed after a longer exposure time. In case of GO, the nanomaterial 







of 36.5% when the material was present at the lower concentration and 49.7% 
when the material was present at the higher concentration. In contrast, GOC 
showed no significant influence on the yeast viability at 160 mg L−1, although 
the viability loss observed at the higher concentration was very similar for both 
nanomaterials. The effect on S. cerevisiae viability of non-commercial grade 
graphene oxide nanoparticles was also tested in a recent study, and the fungus 
mortality was found to be close to 20% in the presence of 600 mg L−1 [52]. Also, 
the toxicological potential of other carbon nanomaterials toward S. 
cerevisiae was reported, such as multi-walled carbon nanotubes (MWCNTs) or 
oxidized single-walled carbon nanotubes (O-SWCNTs), which induced 
significant yeast mortality at 400 mg L−1 (6.1%) and 188.2 mg 
L−1 (approximately 11%) respectively [53,54]. 
 
 
Figure 7. Colony forming units (CFUs) determination of S. cerevisiae cells 
exposed to 160 and 800 mg L−1 of GO and GOC during 2 h (a) and 24 h (b). 







condition. Differences were established using a one-way ANOVA followed by 
Dunnett post hoc test to compare every mean with the control, and considered 
significant at p ≤ 0.05. * p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001. 
To evaluate whether GO and GOC were able to induce oxidative stress in S. 
cerevisiae, cells growing at exponential phase were exposed to 160 and 800 
mg L−1 of the nanomaterials, for 24 h. As shown in the Figure 8, the oxidative 
stress levels were significantly increased in S. cerevisiae in the presence of 
both carbon nanoparticles. Carbon derived nanomaterials have shown 
previously to induce oxidative stress in yeast. Non-commercial grade GO and 
O-SWCNT, also induced ROS with a similar concentration to the one tested 
here, although the exposure time tested in both cases was 24 h instead of 2 h 
[52,54]. However, the oxidative stress provoked by MWCNT in yeast seem to 
be lower than that observed in the present study for GO and GOC or that 










Figure 8. Oxidative stress (ROS) determination of S. cerevisiae cells exposed 
to 160 mg L−1 of GO and GOC during 2 h. The reported values are expressed 
in arbitrary units and correspond to the averages of two biological replicates 
per culture condition. Differences were established using a one-way ANOVA 
followed by Dunnett post hoc test to compare every mean with the control, and 
considered significant at p ≤ 0.05. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 
0.0001. 
We also aimed to determine the possible genotoxic effect of the selected 
graphene oxide nanomaterials on S. cerevisiae using the comet assay protocol 
previously described [55]. However, because of the nanomaterials’ 
morphology, graphene oxide concentrations higher than 20 mg L−1 prevented 
the proper visualization and analysis of the cell nuclei under the fluorescence 
microscope, making the comet assay an unsuitable method for the 
determination of genotoxicity in yeast with two dimensional nanoparticles of a 







Determination of Vibrio Fischeri Bioluminescence Inhibition to GO and 
GOC 
The marine bacteria Vibrio fischeri was also used to compare the toxicological 
potential of both graphene oxide suspensions. The V. fischeri luminescence 
assay is an environmental monitoring tool to determine the toxicity in sediments 
and leachates that may be a source of contamination in aquatic ecosystems. 
The ability of the nanomaterials to inhibit the microorganism luminescence was 
measured at two concentrations (160 and 800 mg L−1) and exposure times (10 
and 30 min). When the lower concentration of GO and GOC was present in the 
media, we did not observe a V. fischeri significant luminescence inhibition. The 
bacteria luminescence decreased in the presence of a higher concentration of 
the nanomaterials, with significant difference between both nanomaterial types 
(Figure 9). In case of GO, the presence of 800 mg L−1 induced a 100% of 
luminescence inhibition, already after 10 min of exposure. In contrast, the same 
concentration of GOC showed a significantly lower luminescence inhibition 








Figure 9. Luminescence inhibition assay of V. fischeri cells exposed to 800 mg 
L−1 of GO and GOC during 30 min. The reported values are the averages of 
four biological replicates per culture condition. 
Previous studies have evaluated the luminescence inhibition of V. 
fischeri promoted by nanomaterials, such as nano-metal oxides, nanoscale 
cationic polymers, silica nanoparticles, catechol-based submicron particles or 
functionalized reduced graphene oxide nanoparticles [56,57,58,59]. 
Interestingly, the toxicity of reduced graphene oxide functionalized with 
Fe3O4 [57], was similar to that observed for GOC in the present study. 
Determination of GO and GOC Binding Efficiency on Different Microbial 
Enzymes 
Biotechnological and biomedical applications of graphene oxide rely on 
nanomaterial-biomolecule interactions. The protein binding capacity of 







toxicological potential too [60,61]. In case of commercial GO and GOC, both 
nanomaterial suspensions showed a high protein loading capacity and a good 
potential as enzyme immobilization supports [4]. However, their maximum 
protein binding capacity was not determined, and their polypeptide binding 
properties were determined using a single enzyme. Also, having into account 
that the protein binding efficiency of the new GOC lot (MKCD9594) was 
unknown, we decided to characterize the nanomaterial-enzyme binding 
efficiency of GO and GOC. In addition, to assess whether a variation on the 
GO and GOC oxidation state could further increase their enzyme loading 
capacity, the nanomaterials were partially reduced and their protein binding 
capacity was compared with that of the untreated nanomaterials. The partial 
reduction of GO and GOC was performed using a concentrated solution (50 
mM) of the mild reductant mercaptoethylamine-HCl (further details are 
described in the Materials and Methods section). The reduction of the 
nanocarbon derivatives was confirmed by ATR-FTIR analysis (Figure 10). The 
spectrum of GOC exhibited drastic changes after the nanomaterials’ treatment 
with the mercaptoethylamine-HCl. Basically, the intensity of the absorptions 
sharply decreased, in good agreement with the reduction of the described 
functional groups. In the case of rGO, an analogous trend to that shown by the 








Figure 10. IR spectra of GOC and rGOC (a) and GO and rGO (b) in the 4000–
400 cm−1 region. 
The maximum enzyme loading capacity of chemically reduced GO (rGO) and 
GOC (rGOC) was analyzed and compared with that of the non-modified 
nanoparticles, using the bacterial enzymes α-L-rhamnosidase enzyme RhaB1, 
from Lactobacillus plantarum, and the β-D-glucosidase AbG, 
from Agrobacterium sp. (strain ATCC 21400), following the immobilization 
protocol described previously [4]. As displayed in Table 2, the binding capacity 
of GO and GOC was different for both enzymes and significantly higher than 
that observed in the reduced versions of the nanoparticles. 
Table 2. Maximum binding capacity (%) of GO, GOC, rGO, and rGOC using 














Although π–π stacking and hydrophobic effects are considered the 
predominant mechanisms of protein binding with graphene-based materials, 
and both phenomena should be more dominant after the reduction of graphene 
oxide, the reduced versions of GO and GOC did not improve the enzyme 
binding capacity of the untreated nanomaterials. Previous studies reporting the 
influence of graphene oxide reduction on protein binding capacity show 
controversial results [60,62,63,64]. As recently described by Qi and 
collaborators [64], changes on graphene-based nanomaterials’ surface 
properties affect as well their aggregation properties, which may become a 
crucial factor influencing their protein adsorption capacity. The obtained result 
also showed that the maximum loading capacity of GO and GOC was 
significantly higher for the α-rhamnosidase RhaB1. A similar result was 
observed when using the reduced versions. Different enzymes could exhibit 





AgB   binding 
(mg mg-1) 
GO 4,88 ± 0,17 1,65 ± 0,04 
GOC 5,90 ± 0,11 1,22 ± 0,14 
rGO 1,98 ± 0,11 1,00 ± 0,03 







because of the differences in the charge status of their surface functional 
groups [65]. 
The obtained results using distinct unicellular models and biomolecules display 
significant changes in the toxicological potential of GO and GOC: the former 
had a higher ability to induce oxidative stress in human alveolar carcinoma 
epithelial cells A549, and the yeast Saccharomyces cerevisiae, while 
provoking a higher luminescence inhibition capacity on the bacteria Vibrio 
fischeri too. Also, both products behaved differently in their enzyme binding 
capacity. The lateral dimension, surface structure, functional groups, purity and 
protein corona, strongly influence the toxicity of graphene oxide in biological 
systems [66]. Since GO and GOC are distinct in terms of their apparent particle 
size distribution, elemental composition and in the presence of oxygen 
functional groups, identifying the most relevant factors determining the 
differences observed regarding their toxicological potential is difficult. 
Nevertheless, the present work contributes to have a better understanding on 
the biological impact and biotechnological potential of commercial grade 
graphene oxide. 
Conclusions 
The results obtained in the present study show the potential of different 
commercial graphene oxide nanomaterials to interact with distinct unicellular 
systems and biomolecules, pointing out the variability that can be found in 
terms of toxicological potential and binding affinity depending on the target 







capacity than GOC to induce oxidative stress in both S. cerevisiae and human 
cells. In the same line, GO showed a significantly higher V. 
fischeri luminescence inhibition too. Also, differences in the binding capacity of 
both nanomaterials were observed, being their maximum loading capacity 
different as well, in function of the enzyme tested. Therefore, the presented 
results clearly indicate the usefulness of this type of studies in order to 
determine the actual toxicological and biochemical potential for specific 
commercial graphene oxide products. 
Materials and Reagents 
Most of the chemicals and reagents were purchased from Sigma-Aldrich 
(Merck KGaA, Darmstadt, Germany) and Acros Organics (Thermo Fisher 
Scientific Inc., Madrid, Spain). The graphene derivatives were obtained from 
different suppliers as well; graphene oxide nanocolloids (GOC; ref: 795534; old 
lot: MKBT5205V; new lot: MKCD9594) were purchased from Sigma-Aldrich, 
and monolayer graphene oxide (GO; C309/GORB014/D1) was purchased from 
Graphenea (San Sebastian, Spain). The α-l-rhamnosidase RhaB1 from 
Lactobacillus plantarum and the AbG β-d-glucosidase from Agrobacterium sp. 
(strain ATCC 21400) were obtained from Megazyme Ltd. (Biocon S.L., 
Barcelona, Spain). 
ATR-FTIR Analysis 
IR spectra were recorded on dry solid samples in the 4000–400 cm−1 region by 







ATR PRO ONE device. Each of the graphics is the result of overlapping 128 
scans with a 4 cm−1 resolution. 
ICP-MS 
Samples (0.1 g) were subjected to a digestion process with 7 mL of HNO3 
Suprapur (Merck KGaA, Darmstadt, Germany) (65% v/v) and 1 mL of H2O2 
(30% v/v), while being subjected to the following thermal treatment: a 
temperature gradient from room temperature up to 80 °C in 4 min, followed by 
a second temperature gradient, from 80 to 120 °C in 4 min, and by a third 
temperature gradient, from 120 to 190 °C in 5 min. Then, temperature was kept 
constant at 190 °C for 30 min, and finally samples were cooled down for 1 h. 
The analysis of the digested samples was done with an Agilent 8900 ICP-QQQ 
instrument. 
XPS Analysis 
X-ray photoelectron spectroscopy (XPS) was done by the SGIker unit at the 
University of the Basque Country (UPV/EHU) using a SPECS system equipped 
with a Phoibos 150 on powders deposited into glass slides. 
AFM and TEM Analysis 
AFM and TEM analyses were performed at the Microscopy Unit from the 
University of Valladolid. Samples were deposited on Lacey Carbon Type-A, 
300 mesh, copper grids, and visualized and photographed using a JEOL JEM-
1011 HR TEM coupled with a Gatan Erlangshen ES1000W camera. For AMF 







by drop casting. Images were recorded in AC mode (tapping mode) with a 
CYPHER ES instrument from Asylum Research (Oxford Instruments, 
Abingdon, UK), using silicon cantilevers AC160TS-R3 with aluminum reflex 
coating (Olympus) and tip radius <10 nm. The analysis was done using a set 
point of 500, 72 mV, a drive amplitude of 791.16, a drive frequency of 268.639, 
and integral gain of 268.639. Data acquisition and control was done with IGOR 
Pro 6.2 (Asylum Research, Oxford Instruments, Abingdon, UK). Images 
analysis was done with ARgyle (Argyle Software Ltd., Bath, UK). 
 
Assays in A549 Cells 
The human alveolar carcinoma epithelial cell line A549 (ATCC, CCL-185) was 
utilized for toxicity evaluation. Cells were grown in DMEM medium (Dulbecco’s 
Modified Eagle Medium) supplemented with 10% fetal calf serum (FCS), 1% 
penicillin/streptomycin and grown in a humidified incubator at 37 °C in the 
presence of 5% CO2. 
Neutral Red Assay 
A549 cells were seeded in 96 well plates at 3 × 104 cells per well and treated 
with 40, 80, and 160 mg L−1 of the materials diluted in DMEM 1% FCS. After 
24 h of exposure, cells were washed and incubated with 100 μL of the neutral 
red solution which was prepared as follows: neutral red stock (4 mg L−1) was 
diluted 1/100 in treatment media, and incubated in the dark for 24 h at 37 °C 







neutral red powder. After 2.5 h incubation, neutral red solution was discarded, 
cells were washed once with DPBS (Dulbecco’s phosphate-buffered saline), 
and subsequently fixed with formaldehyde 4%. Cells were washed again with 
DPBS and a dye release solution (50% ethanol 96°, 49% distilled H2O, and 1% 
acetic acid) was added to each well. After 10 min of gentle shaking, this solution 
was transferred to a new opaque 96-well plate, and fluorescence was 
measured with a microplate reader (BioTek Synergy HT, excitation wavelength, 
530/25; emission wavelength 645/40). Results were expressed as percentage 
of control (absorbance of cells in absence of materials). Each assay included 
three independent replicates. 
MTT Assay 
A549 cells were seeded in 96 well plates at 5 × 103 cells per well and treated 
with 40, 80, and 160 mg L−1 of the materials diluted in DMEM 1% FCS. Cells 
incubated with medium alone were used as controls. Plates were then 
incubated for 24 h and, after exposure, cell culture medium with materials was 
discarded, wells were washed with DPBS, and a solution of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (0.5 mg L−1) was added 
to each well and incubated for 3 h, followed by adding 100 µL DMSO to dissolve 
the MTT crystals. After 15 min of gentle shaking, the absorbance was 
measured with a microplate reader (BioTek Synergy HT, OD 590 nm). Results 
were expressed as percentage of control (absorbance of cells in absence of 








ROS Determination in Human Cells 
The quantitative measurement of intracellular reactive oxygen species (ROS) 
was investigated using 2,7-dichlorofluorescin diacetate (DCFH-DA). A549 cells 
were seeded in a 96 micro-well plate at 3 × 104 cells per well and labelled with 
50 μM DCFH-DA in Hanks’ Balanced Salt Solution (HBSS) for 30 min. After the 
incubation, cells were washed once with HBSS, and different concentrations of 
the materials diluted in HBSS were added to each well. Fluorescence was 
measured with a microplate reader (BioTek Synergy HT, excitation wavelength, 
530/25; emission wavelength 645/40) after 1 h of incubation. 
Apoptosis Assay 
Flow cytometry was used for the quantitative assessment of apoptosis. A549 
cells were seeded in 24 well plates at 10 × 104 cells per well and treated with 
40, 80, and 160 mg L−1 of the materials diluted in DMEM 1%FCS. Cells 
incubated with medium alone were used as negative controls while cells 
treated with 50 µM cisplatin served as positive control for the staining. After 24 
h of incubation, cells in suspension were harvested and collected together with 
the monolayers detached using trypsin-EDTA solution (Invitrogen), for each 
sample. After centrifugation, cells were resuspended in buffer and stained 
using a dead cell apoptosis kit with Annexin V-FITC and propidium iodide 
(Molecular Probes) according with manufacturer’s protocol. Samples were 
filtered through 70-µm nylon meshes (Miltenyi Biotec) and acquired on a BD 
FACSVerse analyzer controlled by FACSuite software (BD Biosciences, 







platform (https:\\community.cytobank.org). Single stained controls, using 
Triton-X-100 permeabilized (0.2% in PBS, 10 min) and untreated cells, 
respectively were generated for compensation purposes and gating 
thresholding. Results are depicted as color density plots and histograms. 
Assays in Saccharomyces Cerevisiae 
The S. cerevisiae BY4741 strain was grown and maintained in standard liquid 
YPD medium (1% yeast extract, 1% yeast bacto-peptone, 2% glucose). Cell 
cultures in liquid media were done on a rotary shaker at 185 rpm at 30 °C. 
Colony Forming Units Determination 
Yeast cells in exponential growth phase (OD600 = 1) were exposed to GO and 
GOC at 160 and 800 mg L−1 in 1 mL cultures performed in 24-well plates. 
Samples were obtained after 2 and 24 h of cells exposure. To determine yeast 
colony forming units after the two exposure times, cells were inoculated on 
solid YPD medium (6% agar) and incubated at 30 °C. 
ROS Determination in S. cerevisiae 
Intracellular levels of reactive oxygen species were determined using the 
reagent CM-H2DCFDA following a protocol similar to that reported by James 
et al. (2015) 67. S. cerevisiae cells growing in exponential phase were pelleted, 
washed, and incubated with CM-H2DCFDA (7 μM) in DPBS for 60 min at 30 
°C and 185 rpm. Afterwards, yeast cells were washed again, resuspended in 
YPD and subsequently exposed to the graphene oxide nanomaterials (160 mg 







min in a solution containing AcLi 2M, and subsequently washed and incubated 
again for 2 min in a solution containing SDS (0.01%) and chloroform (0.4%). 
Finally, cells were pelleted and the supernatant was transferred to a black 
opaque 96-micro-well plate, where the fluorescence was measured (excitation 
= 485; emission = 528) using a microplate reader (Synergy-HT, BioTek). 
Vibrio Fischeri Luminescence Inhibition Assay 
V. fischeri NRRL B-11177 cells were inoculated in 5 mL of Marine Broth 2216 
and grown at 15 °C for 48 h. The bacterial suspension was pelleted, 
resuspended in 5 mL of NaCl 2% (w/v) at 15 °C and maintained at 10 °C for 30 
min. The exposure experiment was started by pipetting 10 µL of the bacterial 
suspension in black opaque microplate wells containing 90 µL of GO and GOC 
(160 and 800 mg L−1) in a water suspension containing NaCl 2% (w/v). The 96-
well plate was incubated in a Thermomixer at 800 rpm and 15 °C, and V. 
fischeri luminescence was measured for 30 min using a microplate reader 
(Synergy-HT, BioTek). The luminescence inhibition (using as reference the 
negative control condition) was calculated using the values obtained at 10 
(M10) and 30 (M30) min using the following formula, adapted from Jarque et 
al. (2016) 68, where CF is a correction factor (the Mt/peak ratio in negative 
controls) reflecting natural attenuation of bacterial luminescence after 30 min 
of incubation in non-exposed conditions: 
𝐼𝑁𝐻% = 100 −
𝑆𝑡
𝐶𝐹 × 𝑝𝑒𝑎𝑘 








Preparation of rGO and rGOC 
The mild reductant mercaptoethylamine-HCl was used to reduce commercial 
GO and GOC nanoparticles. Water suspensions of GO and GOC (1000 mg 
L−1) containing 50 mM of the reducing agent concentrated were incubated 
overnight at 4 °C. Afterwards, rGO and rGOC were pelleted, using a Thermo 
ST 16R Sorvall centrifuge (5000 rpm; acceleration: 9, deceleration: 9), and 
subsequently washed with a sodium phosphate buffer (12.5 mM; pH 6.5) 
solution, three times. Finally, the reduced nanomaterials water suspensions 
were kept at a final concentration of 1000 mg L−1 in sodium phosphate buffer 
(12.5 mM; pH 6.5), and stored at 4 °C. 
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ABSTRACT: The physicochemical properties and the toxicological potential of 
commercially available MoS2 nanoparticles with different lateral size and 
degradation stage were studied in the present research work. To achieve this, 
the structure and stoichiometry of fresh and old aqueous suspensions of micro-
MoS2 and nano-MoS2 was analyzed by Raman, while X-ray photoelectron 
spectroscopy (XPS) allowed to identify more quantitatively the nature of the 
formed oxidized species. A, the toxicological impact of the nanomaterials under 
analysis was studied using adenocarcinomic human alveolar basal epithelial 
cells (A549 cells) and the unicellular fungus Saccharomyces cerevisiae as 
biological models. Cell viability assays and reactive oxygen species (ROS) 
determinations demonstrated different toxicity levels depending on the cellular 
model used and in function of the degradation state of the selected commercial 
nanoproducts. Both MoS2 nanoparticle types induced sublethal damage on the 
A549 cells though the increase of intracellular ROS levels, while comparable 
concentrations reduced the viability of yeast cells. In addition, the old MoS2 
nanoparticles suspensions exhibited a higher toxicity for both human and yeast 
cells than the fresh ones.  Our findings demonstrate that the fate assessment 
of nanomaterials is a critical aspect to increase the understanding on their 
characteristics and on their potential impact on biological systems along their 
life cycle.
 








Two-dimensional (2D) layered materials include a wide range of compounds 
such as graphene-based nanomaterials, transition metal dichalcogenides 
(TMDs), hexagonal boron nitride (h-BN), layered metal oxides and other 
compounds[1]. Due to their atomic or nanoscale thickness and large lateral 
size[2], 2D layered materials are suitable for biological and biomedical 
applications such as drug delivery, tissue engineering, bioimaging and 
biosensing[3]. Layered transition metal dichalcogenide nanomaterials such as 
molybdenum disulphide (MoS2), represent an emerging class of 2D 
materials[4]. The bulk crystal is organized by covalently bonded monolayers 
stacked vertically with weak van der Waals forces, which enable the possibility 
to easily exfoliate it into monolayer nanosheets, like graphite and hexagonal 
boron nitride. One of the main industrial application of layered MoS2 is solid 
lubrication, and the potential of 2D MoS2 films as solid lubricants for micro- and 
nanoscale mechanical systems is being explored too.[5] The large surface area 
of the layered nanosheets facilitates their biological interaction with cell 
membranes[6], and the distinctive physicochemical characteristics of MoS2 
have attracted considerable interest for the development of functional nano-
agents for biosensing[7], drug delivery[8], cancer therapy[9], in conjunction with 
other biomedical applications such as tissue regeneration [10] and antibacterial 
effects[11]. However, it has been reported that MoS2 nanomaterials can induce 







Given the above context, assessing the toxicity of MoS2 biological systems is 
an essential matter. Specific parameters such as lateral dimensions, number 
of layers, surface area, purity, shape, and size can substantially influence the 
interaction between MoS2 and biological systems[13]. For that reason, the 
same compound can show different antibacterial and cytotoxic mechanisms 
depending on different physicochemical parameters. Overall, understanding 
how MoS2 nanoparticles interact with cellular models and their components is 
important to identify their safety and biocompatibility. However, while a great 
progress has been achieved in understanding how safe are 2D nanosheets 
such as graphene and its derivatives, there is still limited knowledge about the 
toxicological potential of others derived from different layered materials, like 
those from the TMD family. Recently, toxicological studies of 2D MoS2 have 
been undertaken, with particular attention to mammalian cell lines. For 
instance, the interaction between MoS2 and human cell lines has been studied 
using tumoral cells, such as adenocarcinomic human alveolar basal epithelial 
cells A549, gastric adenocarcinoma epithelial cells AGS and breast cancer 
epithelial cells MCF, and normal like epithelial kidney cells HEK293f and 
keratinocytes cells HaCaT cell lines [14–17]. The aim of these studies was to 
investigate different parameters such as cytotoxicity, cellular uptake and 
inflammatory responses using several cell lines that could represent the human 
potential exposure routes. Others have investigated the interaction between 
2D MoS2 with microbial systems, such as Gram-positive and Gram-negative 
bacteria, to determine the potential antibacterial activity of the nanomaterial 







analyzing the toxicological effect of MoS2 flakes on fungal species is even more 
scarce. To date, only two studies using bulk MoS2 and chitosan functionalized 
MoS2 (CS-MoS2) nanosheets have investigated the toxicological properties of 
the TMDs using the yeast Saccharomyces cerevisiae as a fungal model 
[19,20]. Therefore, to obtain a more comprehensive understanding on the 
toxicological potential of 2D MoS2 additional studies are needed with their focus 
put on physicochemical aspects and fate of the nanomaterial, paying attention 
to additional biological models and biomolecules to those already assessed. 
While the availability of research works comparing the toxicity of pristine and 
transformed nanoproducts is very low, assessing the stability and degradation 
of TMDs is an essential aspect to increase the understanding on the impact of 
these materials and their transformation products in biological systems. MoS2 
nanosheets have been shown to be thermodynamically and kinetically unstable 
to oxidation under ambient conditions in aqueous media, resulting in 
measurable morphological changes and in the release of soluble molybdenum 
and sulfur species, generating protons able to destabilize the remaining sheets 
[21,22]. 
In the present study, we investigate the biological effects of commercially 
available mono- and bilayer MoS2 flakes of different lateral sizes with distinct 
integrity stages, using different cell models, such as adenocarcinomic human 
alveolar basal epithelial cells (A549)[23] and the yeast S. cerevisiae [24]. 
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were used 







from MoS2 nanosheets in water suspensions. Hence, we analyzed to what 
extent the nanomaterials oxidation influence the toxicological responses of the 
laboratory models used. The obtained results provide information about the 
time-dependent oxidation degree of MoS2 nanoparticles, which is critical to 
understand and regulate issues related to their environmental fate, and their 
impact on different biological models. 
Results and discussion 
Selection and Characterization of Commercial Molybdenum Disulfide 
In the present work, commercial water suspensions (1 mg/mL) and powders of 
MoS2 platelets prepared using lithium-based intercalation method and supplied 
by ACS material® were selected: Monolayer Molybdenum Disulfide (micro-
MoS2) and Nano Size Monolayer Molybdenum Disulfide (nano-MoS2). The 
characterization information provided by the supplier indicates a lateral size of 
0.2-5 μm and a thickness of 1 nm for the micro-MoS2 powder, and a diameter 
of 20-500 nm and the thickness of 1 nm for the nano-MoS2 material. To further 
understand the morphologic features of both MoS2 samples, AFM (Figure 1) 
and TEM (Figure 2) analyses were performed by drop-casting the samples on 
a mica surface and carbon-coated copper grids, respectively. Even if drop-
casting and drying nanoparticle monodispersions can induce aggregated 
forms, for instance, due to surface dewetting, preventing the accurate 
visualization and quantification of particle size distribution, the combination of 
AFM and TEM allowed to observe a population of both nanoparticle types as 







two MoS2 products showed the presence of possible aggregates with different 
shape and a significant population of particles with a lateral size distribution in 
the nanoscale range, with a round shape. Height profile curves displayed gave 
insights into the thickness of the observed nanoforms. TEM images confirmed 
that the both the micro- and nano-MoS2 particles have a 2D platelet-like shape 
as previously described for this type of nanomaterials (Figure 2) [25]. No clear 
differences amongst both products could be observed in terms of size, 
















Figure 1: AFM images and corresponding height profiles of micro-MoS2 (a) 
and nano-MoS2 (b). Molybdenum disulfide dispersions with a concentration of 








Figure 2: TEM images of micro-MoS2 (a) and nano-MoS2 (b). Molybdenum 
disulfide dispersions with a concentration of 20 mg L-1 were deposited by drop-
casting on carbon-coated copper grids. 
To explore the structure and stoichiometry of micro- and nano-MoS2 samples 
at different integrity states, Raman spectra of recently purchased (fresh) and 
10 months old (old) water suspensions were collected and analyzed. Since the 
probed area (1-2 μm in diameter) is quite small to provide reliable information 
with a single measurement, various points of drop-casted films on Si were 
analyzed. The measurements showed a very homogeneous behavior of the 
spectra at various points. Representative Raman spectra of the fresh and old 
micro- and nano-MoS2 suspensions are shown in Figure 3. The first order 








𝟏 . These peaks are observed in all the spectra displayed, at near 405 cm-1 
and 385 cm-1, respectively. A strong band near 520 cm-1 in all spectra 
originates from the Si substrate. The Raman spectra of the pristine (dry) 
powders are also presented, revealing that the particles are free of oxides or 
other contaminants. The samples stored in water present considerable 
changes in Raman spectra, since the fraction of MoS2 decreases 
systematically due to oxidation. The difference in the 𝑨𝟏𝒈 and 𝑬𝟐𝒈
𝟏  modes 
amounts to Δω  22.8 cm-1 and  23.0 cm-1 for the nano- and micro-sized MoS2, 
respectively. These values indicate a thickness of the particles of about 2-3 
monolayers [26]. For better visualization, the spectra of nano-MoS2 was 
enhanced by factors of 2 and 10 for the fresh and old samples, respectively. 
The Raman data indicates that nano-MoS2 is more vulnerable to oxidation 
during water storage, in comparison to micro-MoS2. The frequency difference 
of the 𝑨𝟏𝒈 and 𝑬𝟐𝒈
𝟏  Raman bands becomes smaller in soaked samples, as Δω 
 20-21 cm-1 indicates the prevalence of flakes with mono- or bi-layer thickness 
for both the micro- and nano-MoS2 samples. For comparison, the spectrum of 
the MoO3 crystal is also shown in Figure 3. The most intense Raman band of 
MoO3 is located at 820 cm-1, while a weak broad band appears near this energy 
in the spectra of the oxidized samples. Additional Raman bands appear in the 
spectra of the oxidized samples at ~150 and ~219 cm-1. Raman spectra of 
oxides [27] show the existence of bands near these wavenumbers which 
correspond to MoOx species (2 < x < 3). A broader composite band with 







This band is strongly enhanced in case of resonance Raman scattering of 
MoS2, typically recorded with 632.8 nm near bandgap excitation (~1.96 eV). 
The appearance of this band in the current spectra and its intensification upon 
increasing the soaking time indicates the continuous change of the particle 
composition. The particle structure changes gradually by oxidation; this causes 
bandgap widening, as the oxidized species come into resonance with the 
excitation source. The creation of mixed oxysulfide MoSxOy species could in 












Figure 3: Raman spectra of the micro- and nanosized MoS2 soaked in water 
(fresh and 10-months-old). The spectra of the dry powders and the spectrum 
of MoO3 are also shown for comparison. 
In addition to Raman, XPS was employed to identify more quantitatively the 
nature of the oxidized species. The same samples used for Raman scattering 
were studied by XPS. This technique probes a much larger area (~0.5 mm2) in 
comparison to Raman scattering, hence providing a consistent picture of the 
whole sample area. Figure 4 displays detailed XPS scans for the Mo3d peaks, 
in the samples under study. The Mo3d peak is deconvoluted into two doublets 







eV is assigned to MoO3 [28] while that at 229.0±0.1 eV has been associated to 
MoS2. [29] In the same energy region, the S2s band is present. This band 
consists of two components assigned to 2H-MoS2 and to bonds of sulfur oxide. 
The obtained results show a progressive oxidation of the MoS2 platelets in the 
water dispersion as a function of time, being more accelerated in the nano-
MoS2 sample.  
 
Figure 4: Deconvoluted Mo3d XP spectra of (a) fresh micro-MoS2, (b) fresh 







To gain insight into the nature of the MoS2 nanosheets oxidation process, the 
obtained S2p bands were analyzed into their components. Figure 5 displays 
representative XPS scans for the S2p peaks for the micro- and nanosized MoS2 
old samples. The S2p band is deconvoluted into 4 doublets with spin orbit 
splitting 1.2 eV. The binding energies of the S2p3/2 peaks and their assignment 
is as follows: (1) 162.0±0.1eV; S atom at the basal plane of MoS2; (2) 
163.5±0.1eV; unsaturated sulphur atoms; (3) 167.2±0.1eV; sulphates; (4) 
168.4±0.1eV, thionates, [Sn(SO3)2]2− [29,30], and or sulphonyl groups (-SO2- 
groups) [31]. 
 
Figure 5: Deconvoluted S2p XP spectra of micro-MoS2 (a) and nano-MoS2 (b) 
samples obtained from old water suspensions. 
Toxicology assessment using adenocarcinoma A549 human cells 
The biological response towards the selected commercial MoS2 nanoparticles 
(recently purchased (fresh) and 10 months old (old) water suspensions) was 







represents alveolar type II cells, a potential target of nanomaterials after 
inhalation.[32] The cells were exposed to different concentrations of fresh and 
old micro- and nano-MoS2 suspensions, up to 160 mg L-1, for a period of 24 
hours. The Neutral Red assay was chosen to determine the cells viability in the 
described exposure conditions, as it is one of the most used cytotoxicity tests, 
including those that evaluate nanomaterials toxicity.[33] The method is based 
on the capability of viable cells to incorporate and bind the supravital dye 
Neutral Red inside the lysosomes, being amongst the most sensitive 
cytotoxicity tests.[34] As displayed in Figure 6, cells exposed to both types of 
fresh and old MoS2 nanosheets (160 mg L-1) showed to have the same viability 
as the negative control. The same result was observed for the lower 
concentrations tested of the different nanoparticles suspensions, indicating that 
the viability of A549 cells is not negatively affected in the presence of micro-
MoS2 and nano-MoS2, nor by their transformation and degradation products, 
at the studied conditions. In addition, no significant viability differences were 










Figure 6: Viability of A549 cells (Neutral Red assay) exposed to 160 mg L-1 of 
fresh and old micro-MoS2 (a) and nano-MoS2 (b) for 24 hours. Results are 
expressed as % of control (non-exposed cells). Data represent the mean (± 
standard deviation, SD) of three independent replicates. Differences were 
established using a One-way ANOVA followed by Dunnett post hoc test to 
compare every mean with the control. 
The observed results are comparable to those reported for MoS2 nanosheets 
obtained using methyllithium (Me-Li) as intercalating agent [35], where similar 
concentrations showed to elicit low cytotoxicity on A549 cells as well. In 
contrast, MoS2 exfoliated with other intercalating reagents, such as n-
butyllithium (n-Bu-Li) and tert-butyllithium (t-Bu-Li), had a stronger cytotoxic 
impact in the cells at the same concentration range. The potential toxicological 
effects of MoS2 nanosheets against other human in vitro models has been 
investigated, like the cancer cell line TPH1 and the non-tumorigenic lung 
epithelial cell BEAS 2B, where no cytotoxicity was observed at concentrations 
up to 50 mg L-1 [36]. Interestingly, aggregated MoS2 showed higher 







reports the impact of MoS2 nanoparticles present in aqueous dispersions and 
coatings, against other human cell line types [16].  
Although no previous reports compare the potential toxicity of commercial 
pristine MoS2 nanosheets with that of their transformation products, a recent 
study revealed the potential toxicity of two polyvinylpyrrolidone-modified 2H-
phase MoS2 nanosheets oxidation products, such as MoO3 and MoO42−, in 
exposed HUVECs and SMMC-7721 cells [37]. The nanomaterial oxidation 
products showed ability to reduce the cell vitality in concentrations higher than 
200 mg mL -1. Interestingly, a study comparing the toxicity elicited by exfoliated 
TMDs and graphene derivatives, also indicated that MoS2 toxicity up 200 mg 
L-1 is low, being lower as well than that induced by graphene oxide and 
derivatives [38].  
Nanomaterials present at sublethal concentrations can still alter cell viability by 
inducing high levels of ROS [39], which frequently trigger programmed cell 
death (apoptosis) [40]. Hence, to obtain additional insights on the potential 
adverse biological effects of MoS2 nanosheets on human cells we further 
investigated the oxidative stress levels of A549 cells exposed to the selected 
nanoparticles suspensions (fresh micro-MoS2 and nano-MoS2) and to their 
transformation products (old micro-MoS2 and nano-MoS2), using the DCFH-DA 
assay [41]. As done previously in the viability assay, the ROS generation was 
determined after 1 hour exposure to concentrations up to 160 mg L-1 of fresh 
and old micro- and nano-MoS2. In these conditions, no significant increase of 







investigating the possible cytotoxic effect of dispersible MoS2 nanosheets on 
human dermal fibroblasts and hepatoma cells have reported increased 
oxidative stress in exposed cells. MoS2 induced a dosage-dependent ROS 
production in human dermal fibroblasts, which showed an increase of ~50% 
and ~75% of ROS levels with respect to the control condition in cells exposed 
100 and 200 mg L-1 respectively [42]. The ROS induction by MoS2 nanosheets 
on human hepatoma cells HepG2 was even more striking, with significantly 
higher oxidative stress levels being observed even in the presence of 2 mg L-1 
[43].  
In relation to the ROS levels observed in A549 cells exposed to the old 
nanoparticles suspensions, higher levels of oxidative stress were observed 
(Figure 7 b). Cells exposed to old micro- and nano-MoS2 showed 3.6 and 3.1 
times higher ROS levels respectively, than the non-exposed cells. The 
significant oxidative levels induced by the old samples suggest a mixture 
toxicity effect derived from the MoS2 nanosheets transformation products. For 
instance, MoO3 is considered an irritant product, with reported animal 
carcinogenicity[44]. MoO3 nanoplatelets were shown to induce ROS in iMCF-7 
cells because of elevated ROS levels [45], but limited information is available 
on the toxicity of MoO3 and other MoS2 transformation products, such as 








Figure 7: ROS production of A549 cells exposed to 160 mg L-1 of fresh and old 
micro-MoS2 (a) and nano-MoS2 (b) for 1 hour. The reported values are 
expressed in arbitrary units and correspond to the averages of two biological 
replicates per culture condition. Data represent the mean of 2 replicates (± 
standard deviation, SD). Differences were established using a One-way 
ANOVA followed by Dunnett post hoc test to compare every mean with the 
control and considered significant at P≤0.05. **P≤0.01. 
Toxicology assessment using Saccharomyces cerevisiae 
The toxicity of MoS2 nanosheets has been mostly studied in distinct human cell 
lines, while the impact of these nanomaterials and other 2D TMDs in other 
unicellular organisms is less known.  
For instance, in case of S. cerevisiae, another eukaryotic model commonly 
used in toxicology studies, only few reports have described the effect of MoS2 
forms on yeast cells, such as bulk MoS2 and chitosan functionalized MoS2 
[19,20]. Here, as previously described for the A549 cells, the impact of different 







strain BY4741 was analyzed. A colony forming units (CFUs) determination of 
S. cerevisiae cells exposed to 160 and 800 mg L-1 of the different MoS2 
nanoforms for 2 and 24 h was performed (see Materials and methods) [46]. As 
displayed in Figure 8, their impact on the viability of yeast cells was dependent 
on the product type, concentration and exposure time.  
 
 
Figure 8: Colony forming units (CFUs) determination of S. cerevisiae cells 
exposed to 160 and 800 mg L-1 of fresh and old micro-MoS2 (a) and nano-MoS2 







replicates per culture condition. Differences were established using a One-way 
ANOVA followed by Dunnett post hoc test to compare every mean with the 
control, and considered significant at P≤0.05. * P≤0.05, ***P≤0.001, 
****P≤0.0001. 
After a short exposure time (2 h), no significant viability changes were observed 
in the different conditions tested, except for that of yeast cells exposed to the 
high concentration of old nano-MoS2, where an average decrease on CFUs of 
20% was observed. However, a clear decrease on yeast viability was observed 
in exposures of 24 h, being more drastic when cells were exposed to the old 
suspensions of both nanoparticle types. The toxicity provoked by micro-MoS2 
and nano-MoS2 was comparable. In the presence of 160 mg L-1, the fresh 
nanoparticles suspensions induced a decrease on yeast viability of ~40%, 
while the presence of 800 mg L-1 reduced the CFUs around 70%. In case of 
the old nanoparticles suspensions, 160 mg L-1 reduced the yeast cells viability 
50 to 60%, while in the presence of the higher concentration only 1% of the 
exposed cells survived.  
As previously mentioned, the higher toxicity levels induced by the old samples, 
this time in S. cerevisiae cells, suggest a possible mixture toxicity effect 
produced by the MoS2 nanosheets transformation products. The fact that 160 
mg L-1 of both fresh and old nanoparticles were able to reduce the viability of 
S. cerevisiae indicates that these products are more toxic for yeast cells than 
for the A549 cell line. Previous studies have demonstrated the antimicrobial 







known [49], which could explain the higher toxicity observed. Yu Y. et al 
investigated the exposure of yeast cells to bulk MoS2, concluding that 
concentrations higher than 1 mg L-1 could produce a negative effect on the cell 
membrane integrity and inducing ROS accumulation, possibly due to the 
discrete crystal planes and surface defects of the material [20]. Many studies 
have demonstrated that fungal cells toxicity of nanomaterials, including MoS2 
and its transformation products, often involve oxidative stress and ROS [48,50–
54]. Therefore, to find out whether the selected MoS2 nanoparticles could also 
increase the intracellular reactive oxygen species level in yeast cells, we 
exposed the BY4741 strain to 160 and 800 mg L-1 of the fresh and old samples 
for 2 hours (see Materials and methods). As shown in the Figure 8, no 
significant differences in ROS levels were observed between the control 
condition and the conditions were yeast cells were exposed to 160 mg L-1 of 
the different nanomaterials suspensions. However, 800 mg L-1 of both types of 
fresh nanomaterials increased ROS significantly, while the same concentration 
of the old suspensions increased the oxidative stress levels at a minor, non-
significant level. This result indicates that the fresh nanoparticles have a higher 
capacity to induce oxidative stress in yeast cells. Also, that the toxicity 
mechanisms induced by the old nanoparticles suspensions are not necessarily 
associated to the presence of ROS, at least at an early exposure stage. 
Nevertheless, ROS measurements on S. cerevisiae cells exposed to the old 
nanomaterials suspensions (160 mg L-1) for 24 hours showed that oxidative 







condition, indicating that the transformation products of the MoS2 nanosheets 
are also able to induce significant ROS levels in yeast cells. 
 
Figure 9: Oxidative stress (ROS) determination of S. cerevisiae cells exposed 
to 160 and 800 mg L-1 of fresh and old micro-MoS2 (a) and nano-MoS2 (b) 
during 2 hours. The reported values are expressed in arbitrary units and 
correspond to the averages of two biological replicates per culture condition. 
Differences were established using a One-way ANOVA followed by Dunnett 
post hoc test to compare every mean with the control, and considered 
significant at P≤0.05. ***P≤0.001, ****P≤0.0001. 
The use of N-doped MoS2 nanostructures and MoO3 as antifungal agents have 
been recently explored [48,54]. The results obtained in the present study also 
indicate that MoS2 nanomaterials have antifungal properties, producing an 
enhanced effect once they are degraded and transformed in a mix of MoOx, 
oxysulfide, and MoSxOy species. The use of chemicals as nanoparticles in 







their higher dispersibility and larger surface to volume ratio, and to the use of 
ionic forms, thanks to their lower leachability.  
Conclusion 
The results obtained in the present study provide novel insights into the fate of 
MoS2 nanoparticles in aqueous suspensions and their toxicological impact on 
different biological systems at distinct material life cycle stages. The 
morphological analysis of commercial micro-MoS2 and nano-MoS2 determined 
a lateral size in the nanoscale range for both products, while the analysis of 
their structure and chemical composition through Raman and XPS revealed 
high similarity between both pristine nanomaterials, but remarkable differences 
in the chemical composition of fresh and old water suspensions. Nano-MoS2 
nanoparticles stored as aqueous suspensions were degraded faster, but in 
both cases 10 months old suspensions were highly enriched in a mixture of 
defected MoSx species, and oxysulfides MoSxOy. The differences in 
composition of fresh and old MoS2 aqueous suspensions affected their 
toxicological impact, which was evaluated using human A549 cells and the 
yeast S. cerevisiae. Different toxicity levels for both model organisms were 
observed when using comparable exposure conditions. While the selected 
nanoparticles provoked a sublethal damage on the A549 cells though the 
increase of intracellular ROS levels, equal concentrations reduced the viability 
of yeast cells. Additionally, the old MoS2 nanoparticles suspensions showed 
higher toxicity for both human and yeast cells than the fresh ones. The 







at physicochemical and toxicological level to increase the understanding on 
their characteristics and their potential impact on biological systems along their 
life cycle.  
Materials and Methods  
Materials and reagents 
Most chemicals and reagents were purchased from Sigma-Aldrich (Merck 
KGaA, Darmstadt, Germany) and Acros Organics (Thermo Fisher Scientific 
Inc., Madrid, Spain). Monolayer Molybdenum Disulfide (micro-MoS2) and Nano 
Size Monolayer Molybdenum Disulfide (nano-MoS2) were purchased at ACS 
material®. The 10 months old (old) water suspensions were obtained by storing 
purchased bottles for 10 months at 4ºC. 
AFM and TEM  
For AFM analysis, samples were dropped on a mica surface from aqueous 
solutions by drop-casting. Images were recorded in AC mode (tapping mode) 
with a CYPHER ES instrument from Asylum Research (Oxford Instruments), 
using silicon cantilevers AC160TS-R3 with aluminum reflex coating (Olympus) 
and tip radius <10 nm. The analysis was completed using a set point of 500, 
72mV, a drive amplitude of 791.16 and a drive frequency of 268.639. IGOR Pro 
6.2 (Asylum Research) was used for data acquisition and control. ARgyle 
software was utilized for all the images analysis. For TEM analysis samples 
were placed on Lacey Carbon Type-A, 300 mesh, copper grids, and visualized 







Erlangshen ES1000W camera at the Microscopy Unit from the University of 
Valladolid.  
Raman Analysis 
Raman spectra were recorded at ambient conditions from the same drop-
casted samples using the 441.6 nm radiation as an excitation source emerging 
from a He-Cd laser (Kimon). The laser light was focused by a 50× objective 
creating a focusing area of 1-2 μm. The scattered light was collected by the 
same objective and analyzed using by the LabRam HR800 (Jobin-Yvon) 
spectrometer operating at a spectral resolution of ~2.0 cm -1. A very low light 
fluence (275 μW) on the maple was used to avoid heat induced effects 
(oxidation and decomposition). The Raman mode of Si single crystal at 520 
cm-1 was used to calibrate the wavenumber scale of the spectra. 
XPS 
The surface analysis study was performed in a UHV chamber (P<10-9 mbar) 
equipped with a SPECS LHS-10 hemispherical electron analyzer and a dual 
anode X-ray gun. The XPS measurements were carried out at room 
temperature using the unmonochromatized AlKa radiation under conditions 
optimized for maximum signal (constant ΔΕ mode with pass energy of 97 eV 
giving a full width at half maximum, FWHM, of 1.7 eV for the Ag3d5/2 peak). 
The XPS core level spectra were analyzed using a fitting routine, which allows 
the decomposition of each spectrum into individual mixed Gaussian-Lorentzian 







prepared by drop-casting aliquots of the MoS2 water dispersions onto 1×1 cm2 
Si wafers. Errors in the quantitative data are in the range of ~10%, (peak areas) 
while the accuracy for binding energy (BEs) assignments is ~0.1 eV. 
A549 Cell culture 
The human alveolar carcinoma epithelial cell line A549 (ATCC, CCL-185) was 
utilized for toxicological evaluation. Cells were grown in DMEM medium 
(Dulbecco's Modified Eagle Medium) supplemented with 10% foetal calf serum 
(FCS), 1% penicillin, 1% streptomycin and grown in a humidified incubator at 
37 °C (5% CO2). In all assays performed, cells were trypsinized after 24 h of 
incubation, at 90% confluency. Around 3×104 cells (suspended in 200 μl of 
growth media) in each well of a 96 well micro-plate were allowed to adhere and 
grow for 24 hours. 
Dispersions of micro and nano MoS2 for A549 cells toxicity assays 
The solutions for the Neutral Red assay were prepared using the commercial 
stocks (1 g L-1) in treatment medium (DMEM 1% FCS) and sterile water to 
prepare final stocks of 160 mg L-1. Afterwards, to prepare the solutions for the 
ROS assay, the commercial stocks were diluted in HBSS (Hank's Balanced 
Salt Solution) 10x and sterile water. After an initial sonication of the mother 
stock samples, the suspended (micro- and nanoscale) MoS2 samples were 









A549 cells Neutral Red assay 
After 24 hours incubation, cell culture medium was discarded and cells were 
washed DPBS (Dulbecco's phosphate-buffered saline). The central wells of the 
96 well micro-plate were incubated with treatment medium with the final 
concentration of 20, 40, 80 and 160 mg L-1. Cells were then incubated for 24 
hours at 37°C, under 5% CO2. Successively to the 24 hours exposure to the 
nanomaterials, cells were washed and incubated with 100 μL of the Neutral 
Red solution for 2,5 hours at 37°C in the dark. The Neutral Red solution was 
prepared as follows: 1:100 dilution of the Neutral Red stock (3-amino-7-
dimethylamino-2-methyl-phenazine hydrochloride) was prepared in treatment 
medium (DMEM 1% FCS), previously incubated for 24 h at 37°C and 
centrifuged at 3000 rpm for 10 minutes to precipitate crystals formations. After 
incubation, Neutral Red Solution and nanoparticles were discarded and each 
well washed with DPBS. Afterwards, 100 μL of a fixation solution 
(formaldehyde 4%) was added to each well for 2 minutes, and cells were 
washed again. Each well was treated with 150 μL of solubilization solution 
(50% ethanol 96%, 49% H2O, 1% acetic acid) at room temperature for 10 
minutes with shaking and covered from light. To measure the fluorescence, 
100 μL of each extract from cells was transferred into a black opaque 96 micro-
well plate. The micro-plate reader spectrophotometer (Synergy-HT, BioTek) 









A549 cells ROS assay 
The quantitative measurement of intracellular reactive oxygen species (ROS) 
was investigated using 2,7-dichlorofluorescin diacetate (DCFH-DA). The 
DCFH-DA inactively pass the cell’s membrane and reacts with the 
intracellularly ROS. The last product of this reaction is the highly fluorescent 
compound dichlorofluorescein (DCF). Twenty-four hours after seeding, A549 
cells were transferred in a 96 micro-well plate, washed twice with HBSS and 
incubated with 200 μL of DCFH-DA (50 M) for 30 minutes at 37 °C. After the 
exposure time, cells were washed with HBSS and incubated with 200 μL of 
nanoparticles solutions at 20, 40, 80 and 160 mg L-1. The ROS production is 
measurable due to the oxidation reaction of DCFH to dichlorofluorescein (DCF) 
intracellularly. Fluorescence intensity was measured after 1 h incubation, at 
485 nm excitation and 520 nm emission using a microplate reader (Synergy-
HT, BioTek). The experiment was repeated three times. 
Yeast Culture 
S. cerevisiae B4741 was maintained in liquid and agar media of YPD medium 
(1% yeast extract, 1% yeast bacto-peptone, 2% glucose). In exposure 
experiments, cells were firstly grown on a rotary shaker at 185 rpm at 30 °C 
until the final OD600 nm was equal to 1 (exponential phase). 
Yeast Colony Forming Units (CFUs) determination 
A 24 multi-well plate was used for the incubation of yeast (OD600 nm = 1) in the 







all the samples were 160 and 800 mg L-1, for 2 and 24 hours. To define cells 
viability after each exposure time, aliquots were diluted 104 times, in case of 2 
hours exposure, and 105 times, in case of 24 hours exposure, and 100 μL of 
the diluted suspensions was plated on solid YPD medium (6% agar). Plates 
were incubated at 30°C for 48 hours and CFUs were determined. 
Yeast ROS assay  
For the evaluation of ROS, a 24 multi well plate was used. Cells with a final 
OD600 nm equal to 1 (exponential phase) were centrifuged (for 3 minutes at 
4000 rpm), washed and suspended in 12.5 mL of DPBS (OD600 nm= 16). 
Successively, the commercial stock with dry CM-H2DCFDA (General Oxidative 
Stress Indicator) was suspended in 20 μL of DMSO (Dimethyl Sulfoxide) and 
the final concentration of the reagent is equal to 4,33 mM. Subsequently, cells 
were incubated with 20 μL of CM-H2DCFDA in the dark for 60 minutes at 30 
°C and 185 rpm. Cells were then centrifuged, washed with DPBS and 
suspended in 5 mL YPD 5x liquid medium. Then, cells were incubated with the 
nanomaterial suspensions (final volume 1 mL) for 2 hours at 30 °C and 185 
rpm in the orbital shaker. The concentrations tested were 160 and 800 mg L-1. 
After the 2 hours incubation, 500 μL of each sample were centrifuged and 
washed two times with DPBS. Next, each sample was suspended in 200 μL of 
AcLi (lithium acetate) 2M and incubated for 2 minutes with moderate agitation 
in the thermomixer at 400 rpm. Thus, cells were centrifuged and the pellet was 
suspended in 200 μL OF 0.01 % SDS (sodium dodecyl sulfate) + chloroform 







sample was transferred on a black opaque 96 micro-well plate and the 
fluorescence was measured at 485 nm excitation and 528 nm emission using 
a microplate reader (Synergy-HT, BioTek). 
Statistics  
Statistical analysis data are presented as means ± SD. Differences between 
the negative control and the treatment with MoS2 samples were established 
using a Student’s t test. The one-way analysis of variance (ANOVA) was used 
for multiple comparisons, followed by Dunnet post hoc test. Statistical tests 
were carried out using Prism 6.0 (GraphPad Prism, GraphPad Software, Inc.). 
Statistical significance is considered with a P values of less than 0.05. Each 
experiment was repeated three times in triplicate.  
Conflict of Interest 
The authors declare that they have no conflict of interests. 
AUTHOR INFORMATION 
Corresponding Author 
Juan Antonio Tamayo-Ramos 
International Research Centre in Critical Raw Materials-ICCRAM, Universidad 










This work was supported by the European Union’s H2020 research and 
innovation programme under the Marie Skłodowska-Curie grant agreement Nº 
721642. 
ACKNOWLEDGMENTS 
We would like to thank Sonia Martel for her invaluable support. 
REFERENCES 
[1]  Fojtů M, Teo W Z and Pumera M 2017 Environmental impact and 
potential health risks of 2D nanomaterials Environ. Sci. Nano 4 
[2]  Zhang H 2015 Ultrathin Two-Dimensional Nanomaterials ACS Nano 9 
9451–69 
[3]  Liu T and Liu Z 2018 2D MoS2Nanostructures for Biomedical 
Applications Adv. Healthc. Mater. 
[4]  Ganatra R and Zhang Q 2014 Few-Layer MoS 2 : A Promising Layered 
Semiconductor ACS Nano 8 4074–99 
[5]  Vazirisereshk M R, Martini A, Strubbe D A and Baykara M Z 2019 Solid 
lubrication with MoS2: A review Lubricants 7 
[6]  Jian J, Chang H and Xu T 2019 Structure and properties of single-layer 







[7]  Barua S, Dutta H S, Gogoi S, Devi R and Khan R 2017  Nanostructured 
MoS 2 -Based Advanced Biosensors: A Review  ACS Appl. Nano Mater. 1 2–
25 
[8]  Zeng G, Chen T, Huang L, Liu M, Jiang R, Wan Q, Dai Y, Wen Y, Zhang 
X and Wei Y 2018 Surface modification and drug delivery applications of MoS2 
nanosheets with polymers through the combination of mussel inspired 
chemistry and SET-LRP J. Taiwan Inst. Chem. Eng. 82 205–13 
[9]  Yin F, Anderson T, Panwar N, Zhang K, Tjin S C, Ng B K, Yoon H S, 
Qu J and Yong K-T 2018  Functionalized MoS 2 Nanosheets as Multi-Gene 
Delivery Vehicles for In Vivo Pancreatic Cancer Therapy  Nanotheranostics 2 
371–86 
[10]  Wu S, Wang J, Jin L, Li Y and Wang Z 2018 Effects of 
Polyacrylonitrile/MoS 2 Composite Nanofibers on the Growth Behavior of Bone 
Marrow Mesenchymal Stem Cells ACS Appl. Nano Mater. acsanm.7b00188 
[11]  Yang X, Li J, Liang T, Ma C, Zhang Y, Chen H, Hanagata N, Su H and 
Xu M 2014 Antibacterial activity of two-dimensional MoS 2 sheets Nanoscale 6 
10126–33 
[12]  Chng E L K, Sofer Z and Pumera M 2014 MoS2 exhibits stronger 
toxicity with increased exfoliation Nanoscale 
[13]  Fojtů M, Teo W Z and Pumera M 2017 Environmental impact and 







[14]  Appel J H, Li D O, Podlevsky J D, Debnath A, Green A A, Wang Q H 
and Chae J 2016 Low Cytotoxicity and Genotoxicity of Two-Dimensional MoS2 
and WS2 ACS Biomater. Sci. Eng. 2 361–7 
[15]  Moore C, Movia D, Smith R J, Hanlon D, Lebre F, Lavelle E C, Byrne H 
J, Coleman J N, Volkov Y and McIntyre J 2017 Industrial grade 2D 
molybdenum disulphide (MoS2): An in vitro exploration of the impact on cellular 
uptake, cytotoxicity, and inflammation 2D Mater. 4 
[16]  Kaur J, Valadan M, Nebbioso A, Vergara A, Montone A M I, Benedetti 
R, Rossi M, Giardina P, Cutarelli A, Altucci L, Altucci C, Corrado F, Singh M 
and Dell‘Aversana C 2018 Biological interactions of biocompatible and water-
dispersed MoS2 nanosheets with bacteria and human cells Sci. Rep. 
[17]  Kenry and Lim C T 2017 Biocompatibility and Nanotoxicity of Layered 
Two-Dimensional Nanomaterials ChemNanoMat 3 5–16 
[18]  Alimohammadi F, Sharifian M, Attanayake N H, Thenuwara A C, 
Gogotsi Y, Anasori B and Strongin D R 2018 Antimicrobial Properties of 2D 
MnO 2 and MoS 2 Nanomaterials Vertically Aligned on Graphene Materials 
and Ti 3 C 2 MXene Langmuir 34 7192–200 
[19]  Yang Q, Zhang L, Ben A, Wu N, Yi Y, Jiang L, Huang H and Yu Y 2018 
Effects of dispersible MoS2 nanosheets and Nano-silver coexistence on the 







[20]  Yu Y, Yang Q, Wu N, Tang H, Yi Y, Wang G, Ge Y, Zong J, Madzak C, 
Zhao Y, Jiang L and Huang H 2017  Effect of Bulk MoS 2 on the Metabolic 
Profile of Yeast  J. Nanosci. Nanotechnol. 18 3901–7 
[21]  Wang Z, Von Dem Bussche A, Qiu Y, Valentin T M, Gion K, Kane A B 
and Hurt R H 2016 Chemical Dissolution Pathways of MoS2 Nanosheets in 
Biological and Environmental Media Environ. Sci. Technol. 50 7208–17 
[22]  Zhang X, Jia F, Yang B and Song S 2017 Oxidation of Molybdenum 
Disulfide Sheet in Water under in Situ Atomic Force Microscopy Observation 
J. Phys. Chem. C 121 9938–43 
[23]  Fröhlich E and Salar-Behzadi S 2014 Toxicological assessment of 
inhaled nanoparticles: Role of in vivo, ex vivo, in vitro, and in Silico Studies Int. 
J. Mol. Sci. 15 4795–822 
[24]  Braconi D, Bernardini G and Santucci A 2016 Saccharomyces 
cerevisiae as a model in ecotoxicological studies: A post-genomics perspective 
J. Proteomics 137 19–34 
[25]  Hu K H, Hu X G, Wang J, Xu Y F and Han C L 2012 Tribological 
properties of MoS 2 with different morphologies in high-density polyethylene 
Tribol. Lett. 47 79–90 
[26]  Lee C, Yan H, Brus L E, Heinz T F, Hone J and Ryu S 2010 Anomalous 







[27]  Kumari L, Ma Y R, Tsai C C, Lin Y W, Wu S Y, Cheng K W and Liou Y 
2007 X-ray diffraction and Raman scattering studies on large-area array and 
nanobranched structure of 1D MoO2 nanorods Nanotechnology 18 
[28]  Ahmed B, Shahid M, Nagaraju D H, Anjum D H, Hedhili M N and 
Alshareef H N 2015 Surface Passivation of MoO3 Nanorods by Atomic Layer 
Deposition toward High Rate Durable Li Ion Battery Anodes ACS Appl. Mater. 
Interfaces 7 13154–63 
[29]  Kondekar N P, Boebinger M G, Woods E V. and McDowell M T 2017 In 
Situ XPS Investigation of Transformations at Crystallographically Oriented 
MoS2 Interfaces ACS Appl. Mater. Interfaces 9 32394–404 
[30]  Liang X, Hart C, Pang Q, Garsuch A, Weiss T and Nazar L F 2015 A 
highly efficient polysulfide mediator for lithium-sulfur batteries Nat. Commun. 6 
1–8 
[31]  Marletta G and Iacona F 1996 Chemical selectivity and energy transfer 
mechanisms in the radiation-induced modification of polyethersulphone Nucl. 
Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 116 
246–52 
[32]  Lanone S, Rogerieux F, Geys J, Dupont A, Maillot-Marechal E, 
Boczkowski J, Lacroix G and Hoet P 2009 Comparative toxicity of 24 
manufactured nanoparticles in human alveolar epithelial and macrophage cell 







[33]  Costa C, Brandão F, Bessa M J, Costa S, Valdiglesias V, Kiliç G, 
Fernández-Bertólez N, Quaresma P, Pereira E, Pásaro E, Laffon B and 
Teixeira J P 2016 In vitro cytotoxicity of superparamagnetic iron oxide 
nanoparticles on neuronal and glial cells. Evaluation of nanoparticle 
interference with viability tests J. Appl. Toxicol. 36 361–72 
[34]  Repetto G, del Peso A and Zurita J L 2008 Neutral red uptake assay for 
the estimation of cell viability/cytotoxicity. Nat. Protoc. 3 1125–31 
[35]  Chng E L K, Sofer Z and Pumera M 2014 MoS 2 exhibits stronger 
toxicity with increased exfoliation Nanoscale 6 14412–8 
[36]  Wang X, Mansukhani N D, Guiney L M, Ji Z, Chang C H, Wang M, Liao 
Y P, Song T Bin, Sun B, Li R, Xia T, Hersam M C and Nel A E 2015 Differences 
in the Toxicological Potential of 2D versus Aggregated Molybdenum Disulfide 
in the Lung Small 11 5079–87 
[37]  Mei L, Zhang X, Yin W, Dong X, Guo Z, Fu W, Su C, Gu Z and Zhao Y 
2019 Translocation, biotransformation-related degradation, and toxicity 
assessment of polyvinylpyrrolidone-modified 2H-phase nano-MoS 2 
Nanoscale 11 4767–80 
[38]  Teo W Z, Chng E L K, Sofer Z and Pumera M 2014 Cytotoxicity of 
Exfoliated Transition-Metal Dichalcogenides (MoS 2 , WS 2 , and WSe 2 ) is 








[39]  Pujalté I, Passagne I, Brouillaud B, Tréguer M, Durand E, Ohayon-
Courtès C and L’Azou B 2011 Cytotoxicity and oxidative stress induced by 
different metallic nanoparticles on human kidney cells Part. Fibre Toxicol. 8 10 
[40]  Khanna P, Ong C, Bay B and Baeg G 2015 Nanotoxicity: An Interplay 
of Oxidative Stress, Inflammation and Cell Death Nanomaterials 5 1163–80 
[41]  Aranda A, Sequedo L, Tolosa L, Quintas G, Burello E, Castell J V. and 
Gombau L 2013 Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay: A 
quantitative method for oxidative stress assessment of nanoparticle-treated 
cells Toxicol. Vitr. 27 954–63 
[42]  Yu Y, Wu N, Yi Y, Li Y, Zhang L, Yang Q, Miao W, Ding X, Jiang L and 
Huang H 2017 Dispersible MoS 2 Nanosheets Activated TGF-β/Smad Pathway 
and Perturbed the Metabolome of Human Dermal Fibroblasts ACS Biomater. 
Sci. Eng. 3 3261–72 
[43]  Liu S, Shen Z, Wu B, Yu Y, Hou H, Zhang X X and Ren H Q 2017 
Cytotoxicity and Efflux Pump Inhibition Induced by Molybdenum Disulfide and 
Boron Nitride Nanomaterials with Sheetlike Structure Environ. Sci. Technol. 51 
10834–42 
[44]  National Toxicology P 1997 NTP Toxicology and Carcinogenesis 
Studies of Nitromethane (CAS No. 75-52-5) in F344/N Rats and B6C3F1 Mice 







[45]  Anh Tran T, Krishnamoorthy K, Song Y W, Cho S K and Kim S J 2014 
Toxicity of nano molybdenum trioxide toward invasive breast cancer cells ACS 
Appl. Mater. Interfaces 6 2980–6 
[46]  Kwolek-Mirek M and Zadrag-Tecza R 2014 Comparison of methods 
used for assessing the viability and vitality of yeast cells FEMS Yeast Res. 14 
1068–79 
[47]  Shafaei S, Van Opdenbosch D, Fey T, Koch M, Kraus T, Guggenbichler 
J P and Zollfrank C 2016 Enhancement of the antimicrobial properties of 
orthorhombic molybdenum trioxide by thermal induced fracturing of the 
hydrates Mater. Sci. Eng. C 58 1064–70 
[48]  Chaves-Lopez C, Nguyen H N, Oliveira R C, Nadres E T, Paparella A 
and Rodrigues D F 2018 A morphological, enzymatic and metabolic approach 
to elucidate apoptotic-like cell death in fungi exposed to h- and α-molybdenum 
trioxide nanoparticles Nanoscale 10 20702–16 
[49]  KING A D, PONTING J D, SANSHUCK D W, JACKSON R and MIHARA 
K 1981 Factors Affecting Death of Yeast by Sulfur Dioxide J. Food Prot. 44 92–
7 
[50]  Sousa C A, Soares H M V M and Soares E V. 2018 Nickel Oxide (NiO) 
Nanoparticles Induce Loss of Cell Viability in Yeast Mediated by Oxidative 
Stress Chem. Res. Toxicol. 31 658–65 
[51]  Domi B, Rumbo C, García-Tojal J, Elena Sima L, Negroiu G and 







Nanoparticles with Unicellular Systems and Biomolecules Int. J. Mol. Sci. 21 
205 
[52]  Suarez-Diez M, Porras S, Laguna-Teno F, Schaap P J and Tamayo-
Ramos J A 2020 Toxicological response of the model fungus Saccharomyces 
cerevisiae to different concentrations of commercial graphene nanoplatelets 
Sci. Rep. 10 1–12 
[53]  Yu Y, Yang Q, Wu N, Tang H, Yi Y, Wang G, Ge Y, Zong J, Madzak C, 
Zhao Y, Jiang L and Huang H 2018 Effect of Bulk MoS 2 on the Metabolic 
Profile of Yeast J. Nanosci. Nanotechnol. 18 3901–7 
[54]  Basu P, Chakraborty J, Ganguli N, Mukherjee K, Acharya K, Satpati B, 
Khamrui S, Mandal S, Banerjee D, Goswami D, Nambissan P M G and 
Chatterjee K 2019 Defect-Engineered MoS$_2$ Nanostructures for Reactive 
Oxygen Species Generation in the Dark: Antipollutant and Antifungal 








Toxicological assessment of commercial 2D WS2 aqueous suspensions 
using different eukaryotic models 
 
Brixhilda Domi1, Kapil Bhorkar2,3, Carlos Rumbo1, Labrini Sygellou,2 Sonia 
Martel Martin1, Roberto Quesada4, Spyros N. Yannopoulos2, Juan Antonio 
Tamayo-Ramos*1 
1 International Research Centre in Critical Raw Materials-ICCRAM, 
Universidad de Burgos, Plaza Misael Banuelos s/n, 09001 Burgos, Spain 
2 Foundation for Research and Technology Hellas – Institute of Chemical 
Engineering Sciences (FORTH/ICE-HT), P.O. Box 1414, GR-26504, Rio-
Patras, Greece 
3 Univ Rennes, CNRS, ISCR - UMR 6226, F-35000 Rennes, France 
4 Departamento de Química, Facultad de Ciencias, Universidad de Burgos, 
09001, Burgos, Spain 
 
* Corresponding author:  
Juan Antonio Tamayo-Ramos: jatramos@ubu.es Phone: +34 947 49 20 05 
HIGHLIGHTS 
Commercial 2D WS2 aqueous suspensions with different lateral size where 
characterized 
The suspensions were composed by a combination of 1T΄-WS2, 2H-WS2, 
WO3 and SO2 
Both commercial samples showed no reduction on cellular vitality in A549 
cells 













Commercially available aqueous dispersions of 2D WS2 nanomaterials with 
distinct lateral size were subjected to physico-chemical and toxicological 
evaluations using different eukaryotic biological models. The structure and 
stoichiometry of monolayer tungsten disulfide (WS2-ACS-M) and nano size 
monolayer tungsten disulfide (WS2-ACS-N) was analyzed by Raman 
spectroscopy, whereas a more quantitative approach to study the nature of 
formed oxidized species was undertaken employing X-ray photoelectron 
spectroscopy. Adenocarcinomic human alveolar basal epithelial cells (A549 
cells) and the ecotoxicology model Saccharomyces cerevisiae were 
selected as unicellular eukaryotic systems to assess the cytotoxicity of the 
nanomaterials. Cell viability and reactive oxygen species (ROS) 
determinations demonstrated different toxicity levels depending on the 
cellular model used. While both 2D WS2 suspensions showed very low 
toxicity towards the A549 cells, a comparable concentration (160 mg L-1) 
reduced the viability of yeast cells. The toxicity of a nano size 2D WS2 
commercialized in dry form from the same provider was also assessed, 
showing ability to reduce yeast cells viability as well. 
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Tungsten disulfide (WS2) nanomaterials are standing out within the 
transition metal dichalcogenides (TMDs) family due to their unique physico-
chemical properties and to the more favourable commercial availability of 
W, when compared to other transition metals with similar properties 
(Eftekhari, 2017). WS2 has shown potential for applications in different 
industrial settings for the production of transistors‚ sensors or photocatalytic 
and electronic devices (Choi et al., 2017). Since WS2 exhibits both low 
friction coefficient and high strength, it also represents an excellent dry 
lubricant (Ratoi et al., 2013). Furthermore, as a result of the low friction 
coefficient, tungsten disulfide is used in clinical dentistry for orthodontic 
implants (Katz et al., 2006). In addition, WS2 is currently being used in 
manufacturing, marine, agriculture, and automotive applications (Eftekhari, 







necessity to study the potential toxicological effects of this material, due to 
the increasing degree of environmental and human exposure. The 
structures of exfoliated TMD materials are very different to those exhibited 
by conventional bulk structures (Jeevanandam et al., 2018), and even 
though all TMDs exhibit similar layered 2D morphology, their 
biocompatibility can be significantly altered depending on several 
parameters such size, shape or the method used to prepare the 2D TMD 
nanosheets (Lv et al., 2015). The toxicity of WS2 nanomaterials is yet 
understudied, only a limited number of toxicological studies are available 
using distinct eukaryotic and prokaryotic models (Appel et al., 2016; Liu et 
al., 2017; Yuan et al., 2018, 2020). For instance, Appel et al studied the 
potential toxicological effects of WS2 nanoparticles prepared by several 
methods such as mechanical exfoliation and chemical vapor deposition 
(CVD) toward human epithelial kidney cells (HEK293f) (Appel et al., 2016), 
while other authors focused on the evaluation of the impact of commercial 
2D WS2 powders on the viability of other human cell lines, such as NL-20, 
HEPG2 and macrophages (Corazzari et al., 2014; Pardo et al., 2014).  The 
potential synergistic toxic effects on different human cell lines (RAW264.7 
and A549) of WS2 nanosheets and organic pollutants have been reported 
recently as well, showing their capability to damage the plasma membrane 
and cytoskeleton, resulting in increased membrane permeability and 
enhanced organic pollutant uptake (Yuan et al., 2020). Moreover, molecular 
dynamics simulations suggest the ability of WS2 nanosheets to disturb the 
secondary structure of efflux pumps, hampering xenobiotics elimination 







coli and Gram-positive Staphylococcus aureus to WS2 nanosheets have 
been reported as well, indicating a time and concentration dependent 
antibacterial activity for both bacterial strains (Liu et al., 2017). The potential 
toxic effects of chemically exfoliated WS2 nanosheets (Ce-WS2) and 
annealed exfoliated WS2 nanosheets (Ae-WS2, 2H phase) were 
investigated toward the single-celled green algae Chlorella vulgaris, where 
differences in the toxicity of both nanomaterials towards the microorganism 
were observed, possibly due to differences in the physico-chemical 
parameters of the two materials (Yuan et al., 2018).  Notably, while recently 
we have observed that MoS2 nanomaterials exert a negative impact on the 
viability of the yeast Saccharomyces cerevisiae (Domi et al., 2020), no 
reports are available yet about the effect of WS2 nanomaterials on yeast or 
other fungal species. Thus, in the present work, we explored the in vitro 
cytotoxicity of commercial 2D WS2 materials in two different eukaryotic 
models: human alveolar carcinoma epithelial cells A549 to mimic the 
potential hazard via inhalation exposure (Lanone et al., 2009; Visalli et al., 
2015) and the yeast S. cerevisiae, as a well-established model in 
ecotoxicology, to investigate their potential impact in fungi (Braconi et al., 
2016; Mell and Burgess, 2002; Michels, 2003). 
Materials and Methods 
2.1 Materials and reagents 
Chemicals employed were purchased from Sigma-Aldrich (Merck KGaA, 
Darmstadt, Germany) and Acros Organics (Thermo Fisher Scientific Inc., 
Madrid, Spain). Monolayer tungsten disulfide water dispersion (WS2-ACS-







ACS-N) and dry powder (WS2-ACS-N-PW) forms were purchased at ACS 
material®. 
2.2 Atomic Force Microscopy (AFM) and Transmission Electron 
Microscopy (TEM) Analysis 
AFM images were recorded in tapping mode with an Alpha300R-Alpha300A 
AFM Witec instrument, using Arrow NC cantilevers with a tip radius <10 nm 
and a force constant of 42 N/m. All the WS2 samples were placed on a mica 
surface from aqueous solutions by drop casting. TEM analysis was 
performed at the microscopy unit from the University of Valladolid, using a 
JEOL JEM-1011 high-resolution (HR) TEM coupled with a Gatan 
Erlangshen ES1000W camera. Samples were deposited on Lacey Carbon 
Type-A, 300 mesh, copper grids. 
2.3 Raman Spectroscopy 
Raman spectra were excited by the 441.6 nm radiation emerging from a He-
Cd laser (Kimon). The laser light was focused by a 50× objective creating a 
focusing area of 2-3 μm. The scattered light was collected by the same 
objective and analyzed using by the LabRam HR800 (Jobin-Yvon) 
spectrometer operating at a spectral resolution of ~2.0 cm. A very low light 
fluence (275 μW) on the sample was used to avoid heat induced effects 
(oxidation and decomposition). The Raman mode of Si single crystal at 520 
cm-1 was used to calibrate the wavenumber scale of the spectra. 
2.4 X-ray Photoelectron Spectroscopy 
The surface analysis measurements were performed in a UHV chamber 







hemispherical electron analyzer and a non-monochromatized dual-anode 
Mg/Al x-ray source for XPS. The spectra were recorded with AlKα at 1486.6 
eV photon energy using analyzer pass energy of 10 eV which results to full 
width at half maximum (FWHM) of 0.85 eV for Ag3d5/2 line. The analyzed 
area was a rectangle with dimensions 7x15 mm2. Spectra were 
accumulated and processed using SpecsLab Prodigy (Specs GmbH, Berlin) 
software. The XPS peaks were deconvoluted with mixed Gaussian – 
Lorentzian functions after a Shirley background subtraction. The WS2-ACS-
M and WS2-ACS-N samples were prepared by drop casting the dispersion 
on Si wafers, whereas powder of the WS2-ALK-N was pressed on Indium 
foil. 
2.5 A549 Cell culture 
The human alveolar carcinoma epithelial cell line A549 (ATCC, CCL-185) 
were grown in DMEM medium (Dulbecco's Modified Eagle Medium) 
supplemented with 10% foetal calf serum (FCS) and 1% 
penicillin/streptomycin (Sigma-Aldrich). Cells were grown in a humidified 
incubator at 37 °C and 5% CO2. 
2.6 A549 cells Neutral Red assay  
Around 3×104 cells were incubated in culture media with 5% CO2 for 24 h 
at 37 °C. Then, A549 cells were seeded in 96 well plates and exposed to 
20, 40, 80 and 160 mg L-1 of the nanomaterials diluted in DMEM 1% FCS. 
After 24 hours of exposure, cells were washed and incubated with 100 μL 
of the Neutral Red solution which was prepared as follows: neutral red stock 







37°C protected from light. After 2.5 hours incubation, cells were washed 
once with DPBS and fixed with formaldehyde 4%. Then, cells were washed 
again with DPBS and a solution of extraction (50% ethanol 96°, 49% distilled 
H2O and 1% acetic acid) was added to all wells. After 10 minutes of 
moderate shaking, this solution was transferred to a new opaque 96-well 
plate, and fluorescence was measured with a microplate reader (BioTek 
Synergy HT, excitation wavelength, 530/25; emission wavelength 645/40). 
Results were expressed as percentage of control (absorbance of cells in 
absence of materials). Each assay included two independent replicates. 
2.7 A549 cells ROS determination  
2,7-dichlorofluorescin diacetate (DCFH-DA) was used to perform 
quantitative measurements of oxidative stress production via intracellular 
reactive oxygen species (ROS). Around 3 x 104 cells per well were seeded 
in a 96 micro-well plate and labelled for 30 min with 50 μM DCFH-DA in 
Hanks' Balanced Salt Solution (HBSS). After the incubation, cells were 
washed once with HBSS and several (20, 40, 80 and 160 mg L-1) 
concentrations of the nanomaterials (diluted in HBSS) were added to each 
well. Fluorescence was measured with a microplate reader (BioTek Synergy 
HT, excitation wavelength, 530/25; emission wavelength 645/40) after 1 
hour of incubation.  
2.8 Yeast culture 
The yeast S. cerevisiae BY4741 strain was utilized to perform toxicological 







1% yeast bacto-peptone, 2% glucose). Cells were cultured in liquid media 
on a rotary shaker at 185 rpm at 30 ºC. 
2.9 Yeast Colony forming units (CFUs) determination 
Yeast cells in exponential growth phase (OD600= 1) were incubated with 
different 2D WS2 samples at 160 and 800 mg L-1 in 1 mL cultures in 24 well 
plates. The cultures were sampled at two different exposure times (2 and 
24 hours), and  colony forming units determination was done by inoculating 
adequate dilutions in solid YPD medium plates, which were incubated at 30 
ºC for 48 hours. 
2.10 Yeast ROS assay 
The reagent CM-H2DCFDA (Invitrogen, General Oxidative Stress Indicator) 
was utilized to determine ROS in yeast following a protocol similar to that 
reported by James et al.24 S. cerevisiae cells growing in exponential phase 
were pelleted, washed and incubated with CM-H2DCFDA (7μM) in DPBS 
for 60 minutes at 30 °C and 185 rpm. Consequently, yeast cells were 
washed, suspended in YPD medium and thus exposed to the three WS2 
samples (160 and 800 mg L-1) for 2 and 24 hours. Next, cells were washed 
two times with DPBS, incubated 2 minutes in a solution containing lithium 
acetate 2M, washed again and incubated for 2 minutes in a solution 
containing SDS (sodium dodecyl sulfate) (0.01 %) and chloroform (0.4 %). 
Finally, cells were pelleted and the supernatant was transferred to a black 
opaque 96 micro-well plate, where the fluorescence was measured 








2.11 Statistical analysis 
Statistical analysis data are shown as means ± SD. Differences between 
the negative control and exposure conditions were established using one-
way analysis of variance (ANOVA) for multiple comparisons, followed by 
Dunnet post hoc test. Statistical tests were carried out using Prism 6.0 
(GraphPad Prism, GraphPad Software, Inc.). P values of less than 0.05 
were considered to indicate statistical significance.  
Results and Discussion  
3.1 Selection and Characterization of Commercial 2D Tungsten 
Disulfide 
Initially, we selected two commercial 2D WS2 aqueous suspensions from 
ACS material®, namely monolayer tungsten disulfide (WS2-ACS-M) and 
nano size monolayer tungsten disulfide (WS2-ACS-N), with a distinct lateral 
size according to the supplier (0.1-4 μm and  20-500 nm respectively). To 
confirm their morphologic characteristics TEM analysis was performed by 
drop casting the samples on a carbon-coated copper grid. Both 
nanomaterials (Figure 1a and 1b) showed to have a platelet-like morphology 
as expected considering the supplier information. However, no clear 
differences between the two products could be observed in terms of size, 










Figure 1: TEM images of WS2-ACS-M (a) and WS2-ACS-N (b). Tungsten 
disulfide dispersions with a concentration of 20 mg L-1 were deposited by 
drop casting on carbon-coated copper grids. 
To analyze the structure and stoichiometry of the materials, X-ray 
photoelectron spectra (XPS) and Raman spectra of the samples were 
collected and analyzed. In relation to the XPS analysis, Figures 2a and 2b 
show the W4f spectra of WS2-ACS-M and WS2-ACS-N, respectively. The 
spectra consist of three doublets with a spin orbit splitting W4f7/2-W4f5/2 of 
~2.0 eV. The binding energies (BE) of the W4f7/2 components obtained by 
the fitting analysis are located at 31.9, 32.8 and 35.9 eV, which are assigned 
to the phases 1T΄-WS2, 2H-WS2, and the WO3 oxide, respectively (Liu et 







2c and 2d. The XP spectra of both materials are analyzed into three 
doublets with a spin orbit splitting S2p3/2-S2p1/2 of ~1.2 eV. The binding 
energies of S2p3/2  components located at ~161.6, ~162.5 and ~168.0 eV, 
are assigned to 1T΄-WS2, 2H-WS2 (Liu et al., 2018), and to sulphonyl groups 
(-SO2- groups) (Marletta and Iacona, 1996), respectively. The relative 
fraction of the various components, corresponding to the W and S species 
identified by the fitting analysis are shown in Table 1. 
 
Figure 2: De-convoluted W4f spectra of (a) WS2-ACS-M, and (b) WS2-ACS-










% concentration of WS2 phases and WO3 
 1T΄-WS2 2H-WS2 WO3 
WS2-ACS-M 47.7 ± 0.7 13.9 ± 0.7 38.3± 0.7 
WS2-ACS-N 38.7 ± 0.8 14.5 ± 0.8 46.8 ± 0.8 
% concentration of WS2 phases and SO2 
 1T΄-WS2 2H-WS2 SO2 
WS2-ACS-M 42.8 ± 0.7 21.8 ± 0.7 35.5± 0.7 
WS2-ACS-N 41.8 ± 0.8 19.6 ± 0.8 38.6 ± 0.8 
 
Table 1: Relative fraction of the 2D WS2 aqueous dispersions components, 
corresponding to the W and S species identified. 
Raman spectra for the 2D WS2 samples are shown in Figure 3. The vertical 
dashed lines represent the energies of the in-plane 𝐸2𝑔
1  and out-of-plane 𝐴1𝑔 
symmetries of the 2H-WS2 phase located at 356 and 417.5 cm-1, 
respectively (Berkdemir et al., 2013). The spectrum of WS2-ACS-M and 
WS2-ACS-N exhibit the mentioned bands, albeit as weak features. A strong 
band near 408 cm-1 overwhelms the intensity of the 𝐴1𝑔 mode; hence, a 
fitting analysis was performed to identify the correct energy of the 𝐴1𝑔 band. 
Typical examples of the fitting for the spectra of both the WS2-ACS-M and 
WS2-ACS-N samples are shown in Figure 3. The peak energies and their 
differences of the 𝐸2𝑔
1  and 𝐴1𝑔 bands suggest the existence of monolayer 
WS2 for both samples. In line with XPS analysis, the weak intensity of the 
2H-WS2, indicates a rather small relative fraction of this phase, in 
comparison to other phases present in WS2-ACS-M and WS2-ACS-N. 
Indeed, a number of additional strong bands emerge in the Raman spectra 







from resonance conditions (514.5 nm), the additional Raman bands cannot 
be assigned to resonance bands. Based on the XPS analysis, which 
revealed the presence of the 1Τ΄-WS2 phase and WO3 oxide, we attempt a 
Raman band assignment based on these two phases. A number of 
vibrational bands have been observed in the Raman spectrum of the 1T΄-
WS2 phase (Tan et al., 2017). These bands are labeled as J1 (139 cm-1) J2 
(133 cm-1) J3 (265 cm-1) and J4 (321 cm-1). All these bands are observed 
also in the current spectra, albeit with a red-shift of 2 to 3 cm-1. For both 
WS2-ACS-M and WS2-ACS-N samples, the metallic phase (1T΄) was found 
to be the dominant one in relation to the semiconducting phase (2H). 
 










3.2 Toxicology assessment using adenocarcinoma A549 human cells 
To assess the potential toxicity of the selected commercial 2D WS2 
products, human lung carcinoma A549 cells were exposed to different 
concentrations of WS2-ACS-M and WS2-ACS-N (20, 40, 80 and 160 mg L-1) 
for a period of 24 hours. To study the percentage of the surviving cells after 
the incubation with the nanomaterials, the Neutral Red assay was chosen 
as a very common cytotoxicity test for the evaluation of the potential toxicity 
of nanoparticles (Repetto et al., 2008). The assay allows the relative 
quantification of living cells in a culture, due to the capability of vital cells to 
absorb the Neutral Red dye, following the accumulation into the cellular 
lysosomes. The results obtained after a 24 h exposure to both 2D WS2 
nanomaterial types are displayed in Figure 4.  
 
Figure 4: Viability of A549 cells (Neutral Red assay) exposed to different 
concentrations of WS2-ACS-M (a) and WS2-ACS-N (b) for 24 hours. Results 
are expressed as % of control (non-exposed cells). Data represent the 







Differences were established using a One-way ANOVA followed by Dunnett 
post hoc test to compare every mean with the control. 
As it can be observed, the viability of the A549 cells was not reduced in the 
presence of the different concentrations tested. Few studies have assessed 
the toxicological effects of different WS2 nanomaterials toward lung 
epithelial cells, reporting in some cases opposite results. While the work of 
Teo et al. indicated low cytotoxicity of exfoliated WS2 nanosheets using 
thiazolyl blue tetrazolium bromide (MTT) and water-soluble tetrazolium salt 
(WST-8) assays in concentrations up to 400 mg L-1, Liu et al. observed an 
evident negative impact of WS2 nanoparticles on A549 cells with 
concentrations of 50 mg L-1 or higher, employing the CCK-8 assay. 
However, in concordance with the results obtained in the present work, most 
of the studies testing the toxicity of different TMD nanoforms, including WS2, 
indicate a low degree of cytotoxicity towards respiratory models and other 
human cell lines (Appel et al., 2016; Corazzari et al., 2014; Pardo et al., 
2014; Teo et al., 2014). 
Although the WS2 nanoparticles did not induce significant cell death, we 
aimed to study the possible generation of intracellular ROS triggered by 
these materials. ROS generation can result in cell damage, inflammation 
and several diseases and pathologies (Holmström and Finkel, 2014). 
Henceforth, as done previously in the Neutral Red viability assay, we 
determined the ROS generation after the cell’s exposure during 1 hour to 
different concentrations from 20 to 160 mg L-1 of the 2D WS2 samples 








Figure 5: ROS production of A549 cells treated with different concentrations 
of WS2-ACS-M (a) and WS2-ACS-N (b). The reported values are expressed 
as the relative fluorescence value to the control (untreated cells) which was 
assigned a value of 1. Data represent the mean of 2 independent 
experiments (± standard deviation, SD). Differences were established using 
a One-way ANOVA followed by Dunnett post hoc test to compare every 
mean with the control and considered significant at P≤0.05. **P≤0.01, 
****P≤0.0001. 
The ROS levels observed in the different conditions tested remained at 
relatively low level in comparison with the non-treated cells condition. This 
result is similar to that observed as well in exposed A549 cells by Corazzari 
et al., where the presence of WS2 fullerene-like spherical engineered 
nanomaterials did not induce oxidative stress at different concentrations 
(Corazzari et al., 2014). The exposure of other human unicellular models, 
such as human kidney cells (HEK293f), nontumorigenic human bronchial 
epithelial cells (NL-20) and human liver carcinoma cells (HepG2) to different 







present work, where low cytotoxicity levels were observed (Appel et al., 
2016) (Pardo et al., 2014). 
3.3 Toxicology assessment using S. cerevisiae 
The yeast S. cerevisiae is a well-consolidated and widely used model 
organism utilized for the evaluation of cellular response to stress and 
ecotoxicology studies (Braconi et al., 2016; Ivask et al., 2014; Sousa et al., 
2018). So far, no nanosafety studies are available on the cytotoxicity of WS2 
nanoforms on S. cerevisiae, while recently, 2D MoS2 have been reported to 
exert a significant toxicological impact on yeast cells, at least when the 
nanoparticles concentration range is from 160 to 800 mg L-1 (Domi et al., 
2020). Thus, we decided to investigate the possible toxicological potential 
of commercial 2D WS2 flakes toward yeast, using the same concentration 
range. One of the most used assays in toxicological analyses when using 
microorganisms as model organisms is the determination of the number of 
colony forming units (CFUs) (Kwolek-Mirek and Zadrag-Tecza, 2014). 
Normally, cell viability is defined as a percentage of living cells in a whole 
population after the exposure to a certain substance in a specific time of 
incubation. S. cerevisiae cells were exposed to WS2-ACS-M and WS2-ACS-
N at the concentrations of 160 and 800 mg L-1 for 2 and 24 h. As displayed 
in Figure 6, no significant differences in viability were observed in the 
selected exposure conditions after 2 hours of exposure in the two 
concentrations tested for both samples, compared to the control of non-
treated cells. However, after 24 hours exposure, a significant decrease on 
the viability of yeast incubated with 2D WS2 could be observed. Lower 







800 mg L-1, where the average percentage of surviving cells after the 
exposure to WS2-ACS-M and WS2-ACS-N was around 50%.  
 
Figure 6: CFUs determination of S. cerevisiae cells exposed to 160 and 800 
mg L-1 of WS2-ACS-M and WS2-ACS-N during 2 (a) and 24 h (b). The 
reported values are the averages of two independent experiments. 
Differences were established using a One-way ANOVA followed by Dunnett 
post hoc test to compare every mean with the control, and considered 
significant at P≤0.05. *P≤0.05, ****P≤0.0001. 
The molecular pathway of the programmed cell death is associated with the 
production of ROS in an extensive variety of organisms, including S. 
cerevisiae (Perrone et al., 2008). When the level of oxidative stress 
production overwhelms antioxidant defense systems, the cell redox 
homeostasis is altered, resulting in the oxidation of proteins, peroxidation of 
lipids, DNA alterations, leading to reduced cell viability (Perrone et al., 
2008). It has been reported that a large variety of nanoparticles can induce 
ROS in yeast, such as 2D MoS2 (Domi et al., 2020), graphene oxide (Domi 







nanomaterials (Peng et al., 2018). Consequently, to understand whether the 
decrease of yeast viability could be associated to higher levels of oxidative 
stress, we analyzed ROS levels in cells exposed to WS2. Hence, yeast cells 
were exposed to 160 and 800 mg L-1 of both commercial 2D WS2 samples 
for 2 and 24 hours. As shown in Figure 7, oxidative stress levels in all 
exposure conditions were only slightly higher than those observed for the 
non-exposed cells, indicating a low capacity of the nanomaterials to induce 
the formation of intracellular ROS in yeast cells.  
 
 
Figure 7: Oxidative stress (ROS) determination of S. cerevisiae cells 
exposed to 160 and 800 mg L-1 of WS2-ACS-M and WS2-ACS-N during 2 
hours (a) and 24 hours (b). The reported values are the averages of two 
independent experiments, and are expressed as the relative fluorescence 
value to the control (untreated cells) which was assigned a value of 1. 
Differences were established using a One-way ANOVA followed by Dunnett 
post hoc test to compare every mean with the control, and considered 







Interestingly, high concentrations (800 mg L-1) of 2D nanomaterials, such as 
MoS2 and graphene oxide, induced a clearer increase of ROS levels in 
yeast than those observed in the presence of 2D WS2 (Domi et al., 2019, 
2020). This difference is particularly remarkable in case of graphene oxide, 
where commercial products from different suppliers induced 20 to 30 times 
higher ROS levels compared to the non-treated cells condition. 
In the present work, commercial aqueous suspensions of 2D WS2 were 
selected due to their high nanoparticle dispersibility. Commercial 2D WS2 
dry powders, which are the most common commercialized form of the 2D 
nanomaterial, are obtained by drying 2D WS2 aqueous suspensions that 
have been prepared through Li-intercalation and exfoliation in water. The 
copious gas evolution that occurs once water is added to LixWS2 to induce 
2D WS2 exfoliation, enables the formation of highly dispersed, stable 
colloidal 2D WS2 suspensions. However, when resuspending commercially 
available dry 2D WS2 nanopowders in water to obtain aqueous 
suspensions, even when assisted by ultrasonication, the nanoparticle 
dispersion rate and the colloidal stability of the suspension obtained is lower 
(internal communication of the supplier). For this reason, we decided to test 
as well whether aqueous suspensions prepared in our laboratory using 
commercially available dry 2D WS2 nanopowders reduced the viability of 
yeast too. Figure 8 displays S. cerevisiae CFUs determination (Figure 8a 
and 8b) and ROS assays (Figure 8c and 8d), showing that the same 
concentrations of dry 2D WS2 nanopowders aqueous suspensions and 
exposure conditions are able to produce a similar negative impact on S. 







commercial aqueous suspensions (1T΄-WS2, 2H-WS2, WO3, and sulphonyl 
groups), might have a role on their negative impact in yeast, which might be 
due to a mixture toxicity effect or through the action of one of the 
components identified. In particular, the antifungal properties of SO2 are well 
known (KING et al., 1981). 
 
 
Figure 8: CFUs and ROS determination of S. cerevisiae cells exposed to 
160 and 800 mg L-1 of WS2-ACS-N-PW, during 2 and 24 h. The reported 
values are the averages of two independent experiments per culture 
condition. Differences were established using a One-way ANOVA followed 







considered significant at P≤0.05. *P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001. 
Conclusions 
The results obtained in the present work reveal the physico-chemical 
properties and the potential toxicity of commercial 2D WS2 aqueous 
suspensions when interacting with distinct eukaryotic organisms, showing 
differences in function of the biological system exposed. Analysing the 
stoichiometry and structure of the nanomaterials it has been revealed that 
the particles are primarily monolayers, and they are composed by a 
combination of 1T΄-WS2, 2H-WS2, WO3 and SO2 species. Toxicity analyses 
on human cells showed that both aqueous 2D WS2 suspensions have not 
the ability to impact on their viability, and a small capacity to induce oxidative 
stress. The viability of S. cerevisiae was reduced in the presence of the 
nanomaterials after long exposure times, although their ability to trigger 
ROS production in this organism was very low. Additionally, the obtained 
results indicated that the same concentrations of aqueous suspensions 
prepared with dry 2D WS2 nanopowders, employing comparable exposure 
conditions, are able to produce a similar toxicity impact on S. cerevisiae 
cells. 
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HIGHLIGHTS 
Commercial 2D boron nitride samples with different lateral size where 
characterized 
Raman and XPS spectra revealed commonalities and differences amongst 
the samples 
Both commercial samples showed no reduction on cellular vitality in A549 
cells 




Boron nitride (BN) nanomaterials have been increasingly explored for 
potential biological applications due to their two-dimensional layered 
structure similar to graphene. However, contradictory results have been 
reported in relation to their potential toxicological and environmental impact. 
Hence, in this work, we explore the physicochemical properties of two 
commercial 2D BN samples, namely BN-nanopowder (BN-PW) and BN-
nanoplatelet (BN-PL), to identify possible alterations in the toxicological 
behavior in relation to the size and the shape of the particles selected and 
compare the biological responses of different cellular models. The possible 
toxicological effects of the selected 2D BN samples were investigated using 
adenocarcinomic human alveolar basal epithelial cells (A549 cells) and the 
unicellular fungus Saccharomyces cerevisiae as eukaryotic models for in 
vitro assays. In both cases, cellular viability assays and reactive oxygen 
species (ROS) determinations showed a very low cytotoxicity of the 
selected commercial products. Even at the highest concentration and 
exposure time, no major adverse effects on the percentage of living cells 
and oxidative stress production was observed in human cells and yeast. Our 
results, indicate no significant differences in the toxicological potential of 
BN-nanopowder and BN-nanoplatelets, representing safe products at the 
concentration and exposure tested for the prospective future applications in 















In recent years, the progress of nanotechnology has fuelled the design and 
manufacturing of novel engineered nanomaterials (ENM). In particular, 
different types of 2D nanomaterials have been investigated for a wide range 
of potential applications (Xu et al., 2013; Zhang, 2015). Amongst them, low 
dimensional boron nitride (BN) materials, have attracted the attention of the 
scientific community due to their promising properties, such as superb 
mechanical stiffness, high thermal conductivity, wide optical bandgap, 
strong ultraviolet emission, thermal stability and chemical inertness (Pakdel 







which are arranged differently depending on pressure and temperature 
conditions, giving rise to distinct crystalline forms (hexagonal, 
rhombohedral, diamond-like cubic and wurtzite).  
The material is generally considered safe, being extensively used in the 
cosmetics industry, although not in its nanomaterial form (Czarniewska et 
al., 2019; Fiume et al., 2015). However, the potential toxicity of the 
nanomaterial forms is inadequately comprehended, with conflicting results 
reported in the scientific literature. Good biocompatibility has been reported 
for BN nanotubes, when exposed to HEK-293 human cells and freshwater 
planarians (Chen et al., 2009; Salvetti et al., 2015), while hollow BN 
nanospheres are able to induce apoptosis and inhibit the proliferation for 
both the androgen-sensitive LNCap and androgen-independent DU145 
prostate cancer cells (Li et al., 2017). 
As regards 2D BN nanomaterials, there is no clear consensus for their 
biocompatibility so far, but it seems to be dependent on cell type, dosage, 
and aspect ratio (Emanet et al., 2019). For instance, BN with sheet-like 
structure produced adverse effects on human hepatoma HepG2 cells, 
decreasing cellular viability, enhancing intracellular ROS production, 
inducing adverse effects in mitochondrial depolarization, and membrane 
integrity has been recently reported (Liu et al., 2017). Similarly, BN 
nanosheets changed from non-toxic to toxic towards SaOS2 cells when 
their diameters were reduced from the micro to nanometer range (Mateti et 
al., 2018). In a more recent study, in vivo and in vitro studies employing 
insect haemocytes, L929 mouse cells and human erythrocytes showed that 







low cytotoxicity, although the behavior of the insect immunocompetent cells 
was found to be altered (Czarniewska et al., 2019).  
The potential use of BN nanostructures as antimicrobial agents have 
recently attracted the interest of researchers as well, aiming to develop 
polymer based biomedical devices protected against bacterial proliferation. 
2D BN nanoparticles incorporated in polyhydroxybutyrate chitosan matrixes 
behaved as antibacterial agents against multi drug resistant Escherichia coli 
and Staphylococcus aureus strains, while showing good biocompatibility 
towards immortalized human keratinocytes (HaCaT) cell lines (Mukheem et 
al., 2019). Similarly, BN flakes present in extruded low density polyethylene 
polymers displayed bactericidal effect when evaluated against E. coli, S. 
aureus, Staphylococcus epidermidis, and Pseudomonas aeruginosa, 
strains (Pandit et al., 2019). Experimental and theoretical approaches 
employing transmission electron microscopy and molecular dynamics 
simulations suggest that the hydrophobicity of BN nanosheets can play a 
relevant role in damaging both bacterial outer and inner membranes (Zhang 
et al., 2019).  
The ability of BN nanosheets to exert antifungal effect is less known, 
although a recent work that investigated the activity of hBN nanoparticles 
against different bacterial species and Candida sp. M25 reported a low 
minimum inhibitory concentration and antibiofilm capacity towards the yeast 
strain (Kıvanç et al., 2018). The present work aims to contribute to the 
understanding of the potential biocompatibility and antifungal properties of 
different BN nanoforms by assessing their physico-chemical properties and 







cells (A549) as a potential inhalation target, and on the yeast 
Saccharomyces cerevisiae, as a well-stablished fungal model for toxicology 
studies. 
 
MATERIALS AND METHODS  
Materials and reagents  
Chemicals employed were supplied by Sigma-Aldrich (Merck KGaA, 
Darmstadt, Germany) and Acros Organics (Thermo Fisher Scientific Inc., 
Madrid, Spain). BN nanopowders (BN-PW; ref 790532) and nanoplatelets 
(BN-PL; ref 900405) were purchased at Sigma-Aldrich®. 
Atomic Force Microscopy and Transition Electron Microscopy 
To perform and evaluate AFM analysis, all the BN samples were dropped 
on a mica surface from aqueous suspensions. Images were recorded in AC 
mode (tapping mode) with a CYPHER ES instrument from Asylum 
Research (Oxford Instruments), using silicon cantilevers AC160TS-R3 with 
aluminum reflex coating (Olympus) and tip radius <10 nm. The analysis was 
done using a set point of 500, 72mV, a drive amplitude of 791.16, a drive 
frequency of 268.639. Data acquisition and control was done with IGOR Pro 
6.2 (Asylum Research). Images analysis was done with ARgyle software. 
AFM analysis was performed at the laboratory of instrumental techniques 
unit service from the University of Valladolid. 
Raman Analysis 
Raman spectra were excited by the 514.5 nm radiation emerging from an 







focusing area of 2-3 μm. The scattered light was collected by the same 
objective and analyzed using by the T-64000 (Jobin-Yvon) spectrometer 
operating at a spectral resolution of ~2.0 cm-1. The Raman mode of Si single 
crystal at 520 cm-1 was used to calibrate the wavenumber scale of the 
spectra. 
X-Ray photoelectron spectroscopy 
The X-Ray photoelectron spectroscopy (XPS) measurements were 
performed in a UHV chamber (P~5×10−10 mbar) equipped with a SPECS 
Phoibos 100-1D-DLD hemispherical electron analyzer and a non-
monochromatized dual-anode Mg/Al x-ray source for XPS. The XP Spectra 
were recorded with MgKa at 1253.6 eV photon energy and an analyzer pass 
energy of 10 eV giving a Full Width at Half Maximum (FWHM) of 0.85 eV 
for Ag3d5/2 line. The analyzed area was a rectangle of 4x20mm2. The atomic 
ratios were calculated from the intensity (peak area) of the XPS peaks 
weighted with the corresponding relative sensitivity factors (RSF), taking 
into account the energy analyzer transmission function. For spectra 
collection and treatment, the commercial software SpecsLab Prodigy (by 
Specs GmbH, Berlin) was used. 
Electron Microscopies 
High-resolution field-emission scanning electron microscope (FE-SEM) 
instrument (Zeiss, SUPRA 35VP) operating at 10 kV, and transmission 
electron microscope (TEM) analysis using a JEOL JEM-1011 high-
resolution (HR) TEM coupled with a Gatan Erlangshen ES1000W camera, 







commercially purchased BN nano-powders and nano-platelets were 
investigated. TEM analysis was performed at the advanced microscopy unit 
service from the University of Valladolid. 
Assays in A549 Cells 
For the toxicological evaluations using cell lines, the human alveolar 
carcinoma epithelial cell line A549 (ATCC, CCL-185) was utilized. Cells 
were grown in DMEM medium (Dulbecco’s Modified Eagle Medium) 
supplemented with 10% fetal calf serum (FCS) and 1% 
penicillin/streptomycin in a humidified incubator at 37 °C in the presence of 
5% CO2. 
A549 cells Neutral Red assay  
Approximately 3 × 104 cells per well were seeded in 96 well plates and 
exposed to 20, 40, 80, and 160 mg L−1 of the BN materials previously diluted 
in DMEM 1% FCS. After 24 hours of incubation with nanomaterials, cells 
were washed with DPBS (Dulbecco's Phosphate Buffered Saline) and 
incubated 2.5 h with 100 μL of the neutral red solution which was prepared 
as follows: neutral red stock (4 mg L−1) was diluted 1:100 in treatment 
media, and incubated at 37 °C for 24 h before use covered from light. After 
the2.5 h incubation, neutral red solution was discarded, cells were washed 
with DPBS and fixed with formaldehyde 4%. Subsequently, cells were 
washed again and a dye release solution (50% ethanol 96°, 49% distilled 
H2O, and 1% acetic acid) was added to each well. After 10 min of moderate 







fluorescence was measured with a microplate reader (BioTek Synergy HT, 
excitation wavelength, 530/25; emission wavelength 645/40).  
A549 cells ROS determination  
To explore the production of intracellular reactive oxygen species (ROS) the 
2,7-dichlorofluorescin diacetate (DCFH-DA) fluorescent dye was used. 
A549 cells were seeded in a 96 micro-well plate (around 3 × 104 cells per 
well) and labelled with 50 μM DCFH-DA in Hanks’ Balanced Salt Solution 
(HBSS) for 30 min in the dark. Afterward, cells were washed once with 
HBSS, and different concentrations of the BN nanomaterials diluted in 
HBSS (from 20 to 40 mg L-1) were added to each well. Fluorescence was 
measured with a microplate reader (BioTek Synergy HT, excitation 
wavelength, 530/25; emission wavelength 645/40) after 1 h of exposure. 
Yeast culture 
The S. cerevisiae BY4741 strain was grown and mantained in standard 
liquid and solid YPD medium (1% yeast extract, 1% yeast bacto-peptone, 
2% glucose). 
Yeast Colony forming units (CFUs) determination 
S. cerevisiae cells were pre-grown on YPD medium until an O.D.600 nm = 
1 was reached, and then they were exposed to 160 or 800 mg L-1 of either 
BN-PL or BN-PW in the same medium culture, or cultured non exposed 
(negative control), in 24-well plates (final volume of 1 mL). Subsequently, 
culture samples were obtained after 2 and 24 h of exposure to the 
nanomaterials. To determine CFUs after both exposure times, 100 µL of 







case of 24 hours exposure, inoculated on solid YPD medium (6% agar) 
plates, and incubated at 30 °C, for 48 hours. 
Yeast ROS assay 
To investigate the intracellular levels of reactive oxygen species, the 
reagent CM-H2DCFDA (General Oxidative Stress Indicator) was utilized, 
following a protocol similar to that reported by James et al. S. cerevisiae 
cells in the exponential phase were pelleted, washed with DPBS and 
incubated with CM-H2DCFDA (7 μM) in DPBS at 30 °C and 185 rpm for 60 
min. Subsequently, cells were washed, resuspended in YPD liquid medium 
and exposed to BN nanomaterials (160 and 800 mg L−1) for 2 and 24 h. 
Then, cells were washed two times with DPBS, incubated 2 min in a solution 
containing AcLi (lithium acetate) 2M, and washed and incubated again for 2 
min in a solution containing SDS (sodium dodecyl sulfate) (0.01%) and 
chloroform (0.4%). Finally, cells were pelleted and the supernatant was 
transferred to a black opaque 96-micro-well plate, where the fluorescence 
was measured using a microplate reader (Synergy-HT, BioTek) (excitation 
= 485; emission = 528). 
Statistics  
Statistical analysis data are presented as means ± SD. The one-way 
analysis of variance (ANOVA) was performed for multiple comparisons, 
followed by Dunnet post hoc test. Statistical tests were carried out using 
Prism 6.0 (GraphPad Prism, GraphPad Software, Inc.). P values ≤0.05 were 
considered to indicate statistical significance.  







Selection and Characterization of Commercial Boron Nitride 
In the present study, commercial BN nanopowder (BN-PW) and 
nanoplatelets (BN-PL) supplied by Sigma-Aldrich® were selected. The 
characterization information provided by the supplier indicates an average 
particle size of <150 nm for BN-PW and a lateral size dimension of <1 
micron for BN-PL. To confirm the provider descriptions, both products were 
subjected to AFM, SEM and TEM analyses, where a population of both 
types of nanoparticle as well as morphological features could be observed. 
As can be seen in Figure 1, AFM images of the two BN products showed 
the presence of possible aggregates with different shape and a significant 
population of particles with a lateral size distribution in the nanoscale range, 
with a round shape. Representative FE-SEM images (Figure 2) of the 
platelets and powders at two different magnifications revealed that the 
nanoparticles in both materials have comparable disk-like geometry, while 
TEM images (Figure 3) confirmed that BN-PW and BN-PL have a 2D 
platelet-like shape. The main difference among the two samples at 
morphological level was related to the diameter of the disk-like particles, 
which was observed to be of the order of 200-300 nm for BN-PL and 100-








Figure 1: AFM images of BN-PW (a) and BN-PL (b). BN samples 
dispersions with a concentration of 20 mg L-1 were deposited by drop 









Figure 2: FE-SEM images of BN nanopowder (a) and BN nanoplatelets (b). 










Figure 3: TEM images of BN nanopowder (a) and BN nanoplatelets (b). BN 
dispersions with a concentration of 20 mg L-1 were deposited by drop 
casting on carbon-coated copper grids. 
XPS and RAMAN analysis 
To analyze the surface chemistry (stoichiometry) and the atomic structure 
of the materials, XP and Raman spectra were collected and analyzed. 
Figure 4 shows the B1s and N1s XP spectra of BN-PW (black line) and BN-
PL (red line) samples. For both samples, the B1s peak is centered at 
190.6±0.1 eV and N1s peak is located at 398.1±0.1 eV, which are in 
concordance with the binding energies of the hexagonal BN (h-BN) 
compound (Guimon et al., 1990). The atomic concentrations (%) of boron 
and nitrogen atoms in BN-PW (B: 51.00 ± 0.05; N: 49.00 ± 0.05) and BN-
PL (B: 52.29 ± 0.06; N: 47.71 ± 0.06) correspond as well to those expected 








Figure 4: B1s (a) and N1s (b) XP spectra of BN-PW and BN-PL samples. 
The Raman spectra shown in Figure 5 also demonstrate the existence of 
the h-BN crystal phase. Fitting the spectra with Lorentzian lines revealed 
that the E2g mode is located at 1367.5 and 1367.7 cm-1 for the BN-PL (blue 
line) and BN-PW (red line), respectively. Their half width at half maximum 
are 12.7 (BN-PL) and 14.7 cm-1 (BN-PW). Based on a correlation by 
Nemanich et al. (Nemanich et al., 1981), among the crystallite sizes and the 
Raman shift and width of the E2g mode (the mode frequency shifted to higher 
energies and the width increased as the crystallite size decreased), the 
bandwidths of both BN samples indicate a slightly smaller crystallite size for 
BN-PW, which is in concordance to the observations in the performed 
microscopy analyses. The thickness dependence of the Raman spectra was 
first studied by Gorbachev et al. (Gorbachev et al., 2010) who reported that 
the E2g band of atomically thin BN flakes on Si/SiO2 substrates shifts with 
thickness. The monolayer exhibits blue-shift of the order of 2-4 cm-1, 
whereas for more layers a red-shift was observed by 1-2 cm-1, in relation to 
the E2g energy of the bulk h-BN. Contrasting results were reported by Li et 







exfoliated flakes exhibit systematically blue shift in the E2g mode in 
comparison to the bulk energy. More recently, Cai et al. (Cai et al., 2017) 
found that in the absence of interactions with the substrate, mono- and few-
layer BN flakes show no measurable shift in relation to the bulk. They 
suggested that the observed Raman shift in such studies arises from strain 
induced by substrate. Based on these findings, and considering that the 
particles of BN in our case are not free standing, we conclude that the 
observed shift in BN-PW and BN-PL might be indicative of three-layers 
particles. 
 
Figure 5: Raman spectra of BN powder and platelets 
Toxicology assessment using adenocarcinoma A549 human cells 
To assess the potential cytotoxic effects of commercial BN nanoforms, we 
selected the human lung carcinoma cell line (A549) as a cellular model to 







nanoparticles (Visalli et al., 2015). Hence, cells were exposed to different 
concentrations (20, 40, 80, 160 mg L-1) of both commercial BN-PW and BN-
PL samples for a period of 24 hours. To determine the percentage of living 
cells after the BN exposure, we performed the Neutral Red assay, one of 
the most used protocol in nanotoxicological studies (Repetto et al., 2008). 
In the follow assay, the dye can enter inside the cells and it is adsorbed by 
the lysosomes in living cells, consenting the quantitative valuation of the 
number of alive cells after the exposure to the nanomaterials. As shown in 
Figure 6, after 24 h exposure to BN-PW and BN-PL, for all concentrations 
tested, the viability of the cells was not reduced, indicating the absence of 
cytotoxicity in the conditions tested towards the selected model. Although 
BN nanomaterials are generally considered highly biocompatible (Emanet 
et al., 2019), various recent reports indicate that 2D BN toxicity dependents 
on cell type, dosage, and aspect ratio For instance, Liu et al. observed that 
human hepatoma HepG2 cells viability was significantly reduced in the 
presence of 30 mg L-1 BN sheet-like structured nanoparticles (Liu et al., 
2017), while BN nanosheets changed from non-toxic to toxic towards 
SaOS2 cells when their diameters were reduced from the micro to 
nanometer range (Mateti et al., 2018). In a more recent study, in vivo and in 
vitro studies employing insect haemocytes, L929 mouse cells and human 
erythrocytes showed that h-BN nanosheets functionalized with hydroxyl 
groups had low cytotoxicity, although the behavior of the insect 








Figure 6: Viability of A549 cells (Neutral Red assay) treated with different 
concentrations of BN-PW (a) and BN-PL (b). Results are expressed as % 
of control (untreated cells). Data represent the mean (± standard deviation, 
SD) of two independent experiments. Differences were established using a 
One-way ANOVA followed by Dunnett post hoc test to compare every mean 
with the control, and considered significant at P≤0.05. 
Despite the absence of cell death after exposure to selected BN samples, 
potential adverse effects on human cells following nanoparticles exposure 
could still occur due to the induction of oxidative stress (Domi et al., 2019). 
It is well known that many different nanoparticle types can induce significant 
levels of reactive oxygen species (ROS), resulting in cells inability to 
preserve normal physiological redox-regulated functions (Fu et al., 2014). 
Due to their high oxidation potential, the overproduction of intracellular ROS 
can result in the damage of biomolecules and organelles, leading to 
necrosis, apoptosis or even mutagenesis (Fu et al., 2014). Even though the 







induced ROS are still uncertain, it is important to investigate the oxidative 
stress production to further search the mechanisms related with the 
formation of ROS by NPs, which would specify more information to modify 
the physico-chemical features of BN nanomaterial to control the ROS 
generation. Therefore, to understand the possible presence of adverse 
effects at sublethal level, we investigated the possible intracellular increase 
of ROS. A549 cells were exposed to 20, and 40 mg L-1 of BN-PW and BN-
PL for 1 h incubation, and as displayed in Figure 7, the obtained results 
showed no ROS over production under the studied conditions. 
  
Figure 7: ROS production of A549 cells treated with different concentrations 
of BN-PW (a) and BN-PL (b). The reported values are expressed in arbitrary 
units and correspond to the averages of two biological replicates per culture 
condition. Data represent the mean of two independent experiments (± 
standard deviation, SD). Differences were established using a One-way 
ANOVA followed by Dunnett post hoc test to compare every mean with the 








Data available on oxidative stress production by BN nanosheets exposure 
in human cells is scarce, and the reported results, in the few available 
studies, are conflicting or difficult to compare. BN nanosheets in the 
concentration range 10-50 mg L-1 did not induce ROS production in 
osteoblast cells exposed for 24 h (Rasel et al., 2015). However, in a more 
recent study, Mateti et al. reported a possible increase of ROS levels in 
osteoblast-like cells (SaOS2) exposed to BN nanosheets, although the 
nanomaterials concentration used was remarkably higher (1000 mg L-1) 
(Mateti et al., 2018). Sheet-like BN nanoparticles also induced ROS 
formation in human hepatoma HepG2 cells exposed to relatively low 
concentrations (2-20 mg L-1) (Liu et al., 2017). Similarly, in a more recent 
study, DU145 and PNT1A prostate cells were exposed to 22 to 176 mg L-1 
of BN nanoparticles, and an increase in ROS levels was observed in all 
cases (Emanet Ciofani et al., 2020). 
Toxicology assessment using Saccharomyces cerevisiae 
The yeast S. cerevisiae is an extensively used eukaryotic model to 
comprehend fundamental molecular processes in humans and other higher 
eukaryotes, being widely used as well for the toxicity assessment of 
substances, such as engineered nanomaterials (Braconi et al., 2016; 
Michels, 2003). Therefore, to evaluate the potential environmental impact of 
BN, we exposed yeast cells to two different concentrations (160 and 800 
mg L−1) and exposure times (2 and 24 h) of BN-PW and BN-PL, and 
subsequently their viability was assessed through colony forming units 







cell’s viability was observed in the studied conditions after 24 h exposure. 
Although the antimicrobial properties of BN nanosheets has been explored, 
most of the studies performed have focused on bacteria, and data available 
on their antifungal potential is very low. A study performed by Kıvanç et al. 
reported a MIC value of hBN nanoparticles against the yeast Candida sp. 
M25 of 3.25 mg L-1 (Kıvanç et al., 2018). This result contrasts with our 
observations, as S. cerevisiae cells proliferation was only slightly reduced, 
even in the presence of 800 mg L-1 of the nanomaterial. In a recent study, 
pristine BN films composed by spherical nanoparticles formed by 
nanosheets and nanoneedles did not show antifungal capacity against 
Neurospora crassa spores from different strains (Gudz et al., 2020). Further 
studies are necessary to clarify the potential toxicity of BN nanomaterials 
against different fungal species. 
 
Figure 8: Colony forming units (CFUs) determination of S. cerevisiae cells 
exposed to 160 and 800 mg L-1 of BN-PW and BN-PL during 2 hours (a) 







experiments. Differences were established using a One-way ANOVA 
followed by Dunnett post hoc test to compare every mean with the control, 
and considered significant at P≤0.05. *P≤0.05. 
As mentioned above, the evaluation of the potential ROS induction in cells 
is performed in toxicology studies to study cell damage, which can end up 
in cell death and apoptosis. The accumulation of ROS in yeast usually 
originates from internal metabolic processes connected to cell respiration, 
however it can be similarly activated by environmental stress stimuli, such 
as nanoparticles exposure (Perrone et al., 2008; Suarez-Diez et al., 2020). 
In yeast species, including S. cerevisiae, the consequences of ROS 
accumulation are programmed cell death, autophagy, necrosis and 
upregulation of antioxidants mediated by complex transcriptional changes 
(Farrugia and Balzan, 2012). Hence, to evaluate whether BN-PW and BN-
PL were able to induce oxidative stress in S. cerevisiae, cells growing at 
exponential phase were exposed to BN dispersion with concentration 160 
and 800 mg L−1  for 2 and 24 h. As shown in Figure 9, the oxidative stress 
levels of yeast cells exposed for 2 h to BN-PW and BN-PL where slightly 
higher than those observed in the negative control. Specifically, the 
flourescence signal increased 0.2 and 0.4 times more in the BN-PW and 
BN-PL samples at 800 mg L-1. However, after 24 h exposure no statistically 
augmented ROS production could be observed for both nanomaterials. The 
ROS induction caused by the presence of both BN nanoparticles samples 
was lower than that produced by other 2D nanomaterials, such as graphene 
oxide and molybdenum disulphide, when yeast cells were exposed to them 








Figure 9: Oxidative stress (ROS) determination of S. cerevisiae cells 
exposed to 160 and 800 mg L-1 of BN-PW and BN-PL during 2 hours (a) 
and 24 hours (b). The reported values are expressed in arbitrary units and 
correspond to the averages of two independent experiments. Differences 
were established using a One-way ANOVA followed by Dunnett post hoc 
test to compare every mean with the control, and considered significant at 
P≤0.05. *P≤0.05, **P≤0.01, ****P≤0.0001. 
Conclusion 
The results obtained in the present work provide novel insights on the 
physico-chemical characteristics and the toxicological impact of commercial 
BN nanomaterials on different eukaryotic models. The morphological 
analysis of commercial nanopowder and nanoplatelets determined a lateral 
size in the nanoscale range for both products, while the analysis of their 
structure and stoichiometry through Raman spectroscopy and XPS 







The exposure analyses performed in human lung adenocarcinomic cells 
and the yeast S. cerevisiae indicate that both BN-PW and BN-PL have a 
low toxicological impact in the studied conditions. No reduction in cellular 
viability, nor oxidative stress production could be observed in exposed 
human cells, while minor effects were observed in exposed yeast cells. 
These results support the suitability of BN nanomaterials as 2D material to 
develop future biomedical and environmental applications. 
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With so many applications of 2D nanomaterials, the increase in their 
production has been prolonged globally. Consequently, potentials for both 
environmental deposition of these layered nanomaterials and exposure of 
different living organisms are also growing and rises concerns about public 
and environmental health and safety. The reason of the intense research 
interest of the potential nanotoxicological impact of nanomaterials, it is 
mainly because of the innovative physical and chemical properties. As 
discussed in the previous chapters of this thesis, there are various physico-
chemical properties of NPs that could affect the biological interaction such 
as size, shape, hydrophobicity, surface chemistry as charge, stability, 
agglomeration and aggregation and so on(nota). In addition, it is important 
to notice that the fate and effects of NPs might be influenced by both intrinsic 
(particle-related) factors, as well as factors related with the exposure matrix. 
Moreover, most of the works on 2D materials have concentrated on the 
basic synthesis and characterization of their fundamental behaviors (like 
photonic, electronic and catalytic). The study of biological and 
environmental interactions is necessary to understand and achieve 
development risks, which is equivalently important for biomedical and 
nonbiomedical fields. Therefore, the evaluation of the potential adverse 
effects of 2D nanomaterial family, should be an indispensable task along 
the development pathway for altogether new chemical- and material-based 
technologies, involving the 2D material field. Hence, due to the lack in the 







physico-chemical factors, we decided to deep our research using in vitro 
assays, to provide new scientific results for the product safety. 
The aim of this PhD thesis was: 
1. To investigate whether different commercial 2D materials (rather than lab 
made nanoparticles) could show adverse responses toward eukaryotic and 
prokaryotic cells; 
2. To explore and deal with the complex physico-chemical factors (such as 
oxidation and degradation in water) as a potential factor influencing the 
biological responses; 
3. To provide new insights of the possible differences in the toxicological 
potential of toward different cellular models, identifying cellular-type toxicity 
related. 
To achieve these goals, we firstly focused on the physico-chemical 
characterization of the nanomaterials because of the importance of the 
investigation of the intrinsic proprieties of 2D materials. Hence, we decided 
to use several analysis such as: 
AFM:  
Atomic Force Microscopy, to determine the shape, size and size distribution 
of nanoparticles109.  
 
 
109 Rao, A.; Schoenenberger, M.; Gnecco, E.; Glatzel, T.; Meyer, E.; Brändlin, D.; Scandella, L. 









Transition Electron Microscopy, for studying the structure of nanomaterials 
and to determine quantitative measures of particle size, size homogeneity, 
morphological information and so on110. 
Raman spectroscopy:  
Vibrational spectroscopy utilized to categorize the vibrational, rotational, 
and other low-frequency modes of molecules in the TMDs samples used. 
Raman spectroscopy it has been used to identify the phases of the various 
2D nanoparticles and which regions of the samples are amorphous or 
crystalline, and also the presence of other chemical elements such as 
impurities of the samples111. 
XPS:  
X-ray photoelectron spectroscopy, a very efficient technique used to 





110 Asadabad, M. A.; Eskandari, M. J. Transmission Electron Microscopy as Best Technique for 
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Fourier transform infrared spectroscopy, used to value insight into the 
diverse functional groups that are present in the commercial samples, by 
assessing the vibrational frequencies of the chemical bonds involved113.  
ICP-MS:  
Inductive coupled plasma mass spectroscopy, provides information on 
nanoparticle size and elemental composition in a single and rapid analysis.  
Moreover, leads to a particularly high signal to noise ratio for metal 
nanoparticles (i.e., low detection limits)114. 
Once we determined the physicochemical factors of the commercial 
samples used on this PhD thesis, we selected several cellular models to 
identify possible alteration and dissimilarities in the adverse effects in 
relation to the cellular type used.  
We decided to use both eukaryotic and prokaryotic cells, such as:  
A549 cells 
Adenocarcinomic human alveolar basal epithelial cells are a cell line 
developed through culturing of carcinogenic lung tissue in the explanted 
tumor of a 58-year-old caucasian male. A549 cells, are squamous, adherent 
and they grow as a monolayer attaching to the culture flask. This cell line is 
 
113 López-Lorente, Á. I.; Mizaikoff, B. Recent Advances on the Characterization of Nanoparticles Using 
Infrared Spectroscopy. TrAC - Trends in Analytical Chemistry. Elsevier B.V. November 1, 2016, pp 97–
106. 
114 Laborda, F.; Bolea, E.; Jiménez-Lamana, J. Single Particle Inductively Coupled Plasma Mass 
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widely used as a type II pulmonary epithelial cell model for the evaluation of 
nanoparticles toxicity toward human health via inhalation exposure115. 
Saccharomyces cerevisiae 
The single-celled fungus S. cerevisiae, is one of the most intensively studied 
species of yeast as a eukaryotic model organism in several toxicological 
studies. S. cerevisiae cells shares several molecular pathways with 
mammalian cells, are easy to manipulate and non-expensive. Therefore, it 
is widely used also in the research of the molecular biology field116. 
Vibrio fischeri 
The Gram-negative V. fischeri, is a bioluminescent bacterium found in 
marine environments. This bacterium is used in several research studies 
such as the examination of microbial bioluminescence, bacterial-animal 
symbiosis, quorum sensing, and it is globally used as an ecotoxicological 
cellular model117. 
Consequently, after the evaluation of the selected cellular models, we 
decide to focus on the toxicological assays. One of the crucial factors that 
can alter the biological results after the NPs exposure, is the use of several 
and different assay in the scientific literature. It is known that some assay 
 
115 Cooper, J. R.; Abdullatif, M. B.; Burnett, E. C.; Kempsell, K. E.; Conforti, F.; Tolley, H.; Collins, J. E.; 
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Differentiation towards an Alveolar Type II Pneumocyte Phenotype. PLoS One 2016, 11 (10). 
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can interfere with NPs and as a consequence bringing false or non-
representative results. 
After a carefully study of the most used assays in nanoparticles toxicity, we 
selected the follow protocols: 
Neutral Red:  
The neutral red uptake assay is one of the most used tests in many 
biomedical and environmental research. This assay provides a quantitative 
estimation of the number of viable cells after the exposure with 
nanomaterials (as shown in Figure 8). In fact, living cells are able to absorb 
and bind the neutral red supravital dye in the lysosomes. The specific 
protocol is well described in the section “materials and methods” of the 
scientific articles present in this thesis118. 
 
Figure 8: Schematic representation of the Neutral Red Assay. 
 
 
118 Hu, W.; Culloty, S.; Darmody, G.; Lynch, S.; Davenport, J.; Ramirez-Garcia, S.; Dawson, K.; Lynch, I.; 
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Another well-known assay for assessing cell metabolic activity, is the 
colorimetric assay MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) which is reduced by NAD(P)H-dependent 
cellular oxidoreductase enzymes into insoluble formazan in living cells 
(Figure 9). Tetrazolium dye assays are used to quantify cytotoxicity (loss of 
cellular viability) or cytostatic activity (quiescence) of possible drug agents 
and toxic nanomaterials119.  
 
Figure 9: Schematic representation of the MTT Assay. 
 
Flow cytometry:  
Flow cytometry (FCM) (Figure 10) is globally technique used to identify and 
quantify physical and chemical characteristics of a population of cells or 
particles. For instance, it is also utilized to study the morphological changes 
 
119Popescu, T.; Lupu, A. R.; Raditoiu, V.; Purcar, V.; Teodorescu, V. S. On the Photocatalytic Reduction of 
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(like blebbing, cell shrinkage and so on) during the activation of apoptosis 
pathway. For example, one important cellular change during the 
programmed cell death is the appearance of phosphatidylserine (PS) on the 
extracellular surface of cellular membrane (in healthy cells, PS is located on 
the cytoplasmic side). Hence, a fluorescein isothiocyanate (FITC) 
conjugated form of Annexin V is used to detect PS exposed, allowing the 
detections and measurement of apoptotic cells. However, due to membrane 
disintegration during necrosis, Annexin V can similarly bind to intracellularly 
located PS in necrotic cells120.  
 
Figure 10: Schematic representation of the Flow cytometry Assay. 
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One of the most widely used assay to detect intracellular ROS and oxidative 
stress, is the DCFH-DA probe. The probe is cell-permeable and 
intracellularly is hydrolyzed to the DCFH carboxylate anion, a non-
fluorescent compound. In the presence of ROS, there is the oxidation of 
DCFH into a fluorescent product, dichlorofluorescein (DCF), which can be 
observed by numerous fluorescence-based techniques121 (Figure 11).  
 
Figure 11: Schematic representation of the DCFH-DA Assay. 
CFU: 
The colony-forming unit (CFU) assay is generally used to evaluate the 
number of viable bacteria or fungal cells in a sample (Figure 12). 
Specifically, the cellular viability is defined as the ability to multiply via binary 
 
121 randa, A.; Sequedo, L.; Tolosa, L.; Quintas, G.; Burello, E.; Castell, J. V.; Gombau, L. Dichloro-Dihydro-
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fission. A colony forming unit (CFU), present on an agar plate can be 
multiplied by the dilution factor to provide a CFU/ml result122. 
 
Figure 12: Schematic representation of the CFU Assay with yeast. 
Bioluminescence inhibition:  
Vibrio fischeri bioluminescence inhibition bioassay (VFBIA) has been 
extensively used for the toxicity monitoring and ecotoxicological screening 
of diverse chemical substances. The bioluminescence (Figure 13) of the 
bacterium is directly proportional to the metabolic activity of the bacterial 
population and any inhibition (such as NPs exposure) of enzymatic activity 
can promote the decrease of light production123. 
 
122 Tran, K.; Green, E. Assessing Yeast Cell Survival Following Hydrogen Peroxide Exposure. BIO-
PROTOCOL 2019, 9 (2). 
123 Abbas, M.; Adil, M.; Ehtisham-ul-Haque, S.; Munir, B.; Yameen, M.; Ghaffar, A.; Shar, G. A.; Asif Tahir, 
M.; Iqbal, M. Vibrio Fischeri Bioluminescence Inhibition Assay for Ecotoxicity Assessment: A Review. 








Figure 13: Schematic representation of the bioluminescence reaction. 
In this PhD thesis, we focused on the possible adverse or compatible effects 
of commercial 2D nanomaterials, rather than laboratory made ones. In our 
days, the nanotoxicology is a branch of nanoscience, necessary to evaluate 
whether and to what extent the possible toxic effects of nanomaterial may 
have an impact to the environment and to human health. Specifically, the 
behavior of 2D nanoparticles in several environmental matrices is very 
complex and involves numerous processes and physico-chemical factor. 
For instance, the nanomaterials’ properties are exclusive and distinctive 
from the conventional materials and the bulk counterpart. Moreover, 
properties such as (1) particle size, (2) solubility and (3) shape are known 
to affect the NP toxicity. For that reason, in Chapter 2, we focused on the 
study of one of the most famous nanomaterials: commercial graphene oxide 
(GO) and graphene oxide nanocolloids (GOC). The aim of our work was to 
investigate the ability of the selected commercial samples to interact with 
different unicellular systems such as human alveolar carcinoma epithelial 







Moreover, we wanted to study the binding affinity of different microbial 
enzymes, like the α-l-rhamnosidase enzyme RhaB1 from the bacteria 
Lactobacillus plantarum and the AbG β-d-glucosidase from Agrobacterium 
sp. (strain ATCC 21400). To achieve these scientific purposes, we firstly 
characterized the nanomaterials using several techniques such as 
microscopy analyses using AFM and TEM instruments, showing similarity 
between both GO and GOC flakes, such as monolayer state and differences 
in the size range. Moreover, to investigate possible dissimilarities in their 
oxygen functional groups, we performed FTIR spectra of GO and GOC, and 
both nanomaterials showed to be very similar. In addition, we also have 
studied the possible of impurities such as trace metal in both the graphene 
derivatives samples, using the inductively coupled plasma mass 
spectrometry (ICP-MS). The presence of different metallic elements at low 
concentration was observed in both the samples analyzed, within significant 
differences in the concentration of some of the identified metals and 
metalloids. Hence, once the nanomaterials characterization was performed, 
we wanted to focus of the potential cytotoxic effects. We use eukaryotic cells 
(A549 cells and S. cerevisiae) and prokaryotic cells (V. fischeri), performing 
several cytotoxic assays to study the cell viability, oxidative stress, 
genotoxicity and luminescence inhibition. Furthermore, the protein binding 
affinity of the graphene derivatives at different oxidation levels was 
analyzed. The results obtained in this research article, indicate the higher 
capacity of GO than GOC to induce adverse effects such as significant 
oxidative stress production in both S. cerevisiae and human cells. 







160 mg L−1 of GO and GOC was analyzed using the neutral red uptake and 
MTT assays. Consequently, a deeper analysis using flow cytometry with 
double staining of Annexin V-FTIC and propidium iodide (PI) was performed 
to evaluate the possible presence of apoptotic cells after the incubation with 
the two nanomaterials. The results related to the Neutral red assay indicate 
no negative effects on cellular viability in any of the concentrations tested 
for both GO and GOC. In contrast, the results obtained with MTT assay that 
A549 cells exposed to GOC present a minor decline in viability at the higher 
concentrations (less than 15% of decrease) and cells exposed to GO show 
no significant differences between controls of non-treated cells. Moreover, 
the quantification of the percentages of both apoptotic and necrotic cells 
using flow cytometry, indicated that cells treated with different GO 
concentrations (40, 80, 160 mg L-1) revealed a constant 93-95% of viable 
cells, similar to the untreated control sample. However, in the case of GOC, 
the results obtained evidenced a stable 6-10% cell death. Hence, no 
significant apoptosis was induced from both the commercial samples. 
Nevertheless, in nanotoxicology studies, even if nanoparticles don’t trigger 
cell death, it is possible to observe the production of oxidative stress. Hence, 
we also performed the DFCH-DA assay in A549 cells to investigate possible 
adverse effects related to the significant presence of reactive oxygen 
species. Thus, our results showed that ROS levels were significantly 
increased in after 1 hour of exposure to both nanoparticles, being this 
induction much higher in the case of the cells incubated with GO. 
Consequently, based on our results it has been evidenced that an acute 







however no significant decrease on cellular vitality was observed. 
Nevertheless, the possible adverse effects of the two commercial samples, 
could be different in relation to the cellular model used. For instance, the 
toxicological results in S. cerevisiae are very dissimilar to A549 cells 
exposed to GO and GOC in similar concentration. More specifically, the 
cellular viability of yeast cells was quantified using CFU assay where cells 
were exposed for 2 and 24 h at two concentration of 160 and 800 mg L-1 to 
the nanomaterials. After 2h exposure, no significant differences in viability 
were observed in the selected conditions, except for the condition where a 
high GOC concentration was used. However, after 24 hours, viability issues 
could be observed after a longer exposure time. In case of GO, the 
nanomaterial reduced S. cerevisiae CFUs provoking a viability loss of 
36.5% when the material was present at the lower concentration and 49.7% 
when the material was present at the higher concentration. In contrast, GOC 
showed no significant influence on the yeast viability at 160 mg L-1, although 
the viability loss observed at the higher concentration was very similar for 
both nanomaterials. Moreover, we performed DCFH-DA assay also in yeast 
cells, to study the possible correlation of the cellular vitality decrease and 
possible oxidative stress production. We discovered that the oxidative 
stress levels were significantly increased in S. cerevisiae in the presence of 
both carbon nanoparticles. A similar adverse effect, was demonstrated even 
in the prokaryotic cellular model V. fischeri, where the light production of the 
bacterial cells was affected by the presence of both GO and GOC. 
Specifically, the bacteria luminescence decreased in the presence of a 







between both nanomaterial types. Particularly, the highest concentration of 
800 mg L-1 of GO induced a 100% of luminescence inhibition, already after 
10 minutes of exposure. In contrast, the same concentration of GOC 
showed a significantly lower luminescence inhibition capacity at both 
exposure times of 10 and 30 minutes. Also, we have demonstrated the 
possible variances in the binding capacity with prokaryotic enzymes of both 
nanomaterials, being their maximum loading capacity different as well, in 
function of the enzyme tested. Specifically, the obtained result showed that 
the maximum loading capacity of GO and GOC was significantly higher for 
the α-rhamnosidase RhaB1. Hence, we have demonstrated that different 
enzymes could exhibit different enzyme loadings and stabilities when bound 
to graphene oxide due to differences in the charge status of their surface 
functional groups. Finally, in Table 1 it has been showed the representation 
of the significant results obtained in this research work. 
Table 1: Schematic representation of toxicity of GO and GOC toward 
different unicellular systems. 
Results - A549 cells GO GOC 
Neutral Red  Not affected Not affected 
MTT  Not affected Not affected 
Flow cytometry  
No significant 
apoptosis 
6-10% cell death, 
irrespective of the 
administered dose 
ROS Significant ROS 
production in all 
concentration tested 
Significant ROS 











Results - Yeast GO GOC 
CFU 2h   
Not affected 
Affected at 800 mg L-1, 
slight decrease of cell 
viability 
CFU 24h Affected: ~37% 
cellular viability 
decreased at 160 mg 




Not affected at 160 
mg L-1 
Similarly affected to 
GO at 800 mg L-1 




ROS 24h Significant ROS 
production in all 
concentration tested 
Significant ROS 
production in all 
concentration tested 
 





100% inhibition at 800 
mg L-1 
 
~ 30% inhibition at 





100% inhibition at 800 
mg L-1 
 
~ 40% inhibition at 
800 mg L-1 
 
Due to the increasing use of Transition Metal Dichalcogenides (TMDs) in 
several industry fields, in chapter 3, we evaluated the potential toxicity of 
the rising star nanomaterials Molybdenum Disulfide (MoS2) and Tungsten 
Disulfide (WS2). Firstly, we focused of the evaluation of adverse effects of 
several commercial MoS2 nanoflakes with different lateral size and different 
oxidation stage, using similar eukaryotic cells and cytotoxic assays 
performed as well in the GO and GOC work. Principally, we performed 
several characterization analysis to understand the physico-chemical 







potential biological responses. To achieve this goal, different suspension of 
micro and nano MoS2 (old sample in a higher oxidation stage and fresh 
sample in a lower oxidation stage), were analyzed using several techniques 
such as Raman spectroscopy and X-ray photoelectron spectroscopy to 
identify more quantitatively the nature of the formed oxidized species. Also, 
the possible differences in shape and size of micro and nano MoS2 were 
investigated using AFM and TEM, indicating similarity between the samples. 
Specifically, the morphological analysis of commercial micro- MoS2 and 
nano- MoS2 determined a lateral size in the nanoscale range for both 
products, while the analysis of their structure and chemical composition 
through Raman and XPS revealed high similarity between both pristine 
nanomaterials, but remarkable differences in the chemical composition of 
fresh and old water suspensions. In particular, the sample of nano- MoS2 
stored as aqueous suspensions were degraded faster, but in both cases 10 
months old suspensions were highly enriched in a mixture of defected MoSx 
species, and oxysulfides MoSxOy. Hence, adenocarcinomic human 
alveolar basal epithelial cells (A549 cells) and the unicellular fungus S. 
cerevisiae were used as biological models, to study cell viability and reactive 
oxygen species (ROS) production after the nanomaterial’s exposure. Both 
MoS2 nanoparticle types (old and fresh samples) induced sublethal damage 
on the A549 cells though the increase of intracellular ROS levels, while 
comparable concentrations reduced significantly the viability of yeast cells. 
In particular, the old nanoparticles suspensions samples exhibited a higher 
toxicity for both human and yeast cells than the fresh ones. Particularly, in 







(NR) assay and the oxidative stress production using the DCFH-DA 
protocol. Specifically, the results obtained with NR showed that cells 
exposed to both types of fresh and old MoS2 nanosheets (160 mg L-1) 
exhibited the same viability as the negative control (non-treated cells). The 
same result was observed for the lower concentrations tested of the 
different nanoparticles suspensions, indicating that the viability of A549 cells 
is not negatively affected in the presence of micro-MoS2 and nano-MoS2, 
nor by their transformation and degradation products, at the studied 
conditions. In contrast, the results obtained from DCFH-DA assay to 
evaluate the ROS levels, demonstrated that cells exposed to old micro- and 
nano-MoS2 displayed 3.6- and 3.1-times higher ROS levels respectively, 
than the non-exposed cells. The significant oxidative levels induced by the 
old samples suggest a mixture toxicity effect derived from the MoS2 
nanosheets transformation products. Moreover, a similar toxicological effect 
related to the presence of the aqueous transformed products of MoS2 was 
observed in yeast cells. Specifically, a clear decrease on yeast viability 
(CFU assay) was observed in exposures of 24 h, being more drastic when 
cells were exposed to the old suspensions of both nanoparticle types. The 
toxicity provoked by micro-MoS2 and nano-MoS2 was comparable. 
Particularly, in the presence of 160 mg L-1, the fresh nanoparticles 
suspensions induced a decrease on yeast viability of ~40%, while the 
presence of 800 mg L-1 reduced the CFUs around 70%. In case of the old 
nanoparticles suspensions, 160 mg L-1 reduced the yeast cells viability 50 
to 60%, while in the presence of the higher concentration only 1% of the 







presence of high levels of ROS that could be linked to the drastic decrease 
on cellular viability of yeast. Precisely, the results obtained indicate that the 
fresh nanoparticles have a higher capacity to induce oxidative stress in 
yeast cells in comparison to the old nanoparticles, indicating that are not 
necessarily associated to the presence of ROS, at least at an early exposure 
stage of 2h. Henceforth, in this work, we have showed the fate of MoS2 
nanoparticles in aqueous suspensions and their toxicological impact on 
different biological systems at distinct material life cycle stages. Our findings 
demonstrate that the fate assessment of nanomaterials is a critical aspect 
to increase the understanding on their characteristics and on their potential 
impact on biological systems along their life cycle. Hence, the presented 
results (schematic representation showed in Table 2) highlight the 
relevance of analyzing the fate of nanomaterials at physico-chemical and 
toxicological level to increase the understanding on their characteristics and 














Table 2: Schematic representation of the toxic effects of micro and nano 




















































viability of ~ 
20% at 800 
mg L-1 
 




viability of ~ 
40% at 160 
mg L-1 and  







viability of 50- 
60% at 160 
mg L-1 and  ~ 







of ~ 40% at 
160 mg L-1 and 








50- 60% at 
160 mg L-1 
and  ~ 99% 








ROS 2h Not affected 
at 160 mg L-1 
Affected at 







Not affected at 
160 mg L-1 
Affected at 800 
mg L-1, almost 






In the same chapter, we also focused on another rising star TMD 
nanomaterial, specifically we evaluated the potential toxicological impact of 
different commercial WS2 nano-samples in aqueous dispersions with 
distinct lateral size. Firstly, due to the importance of a well physico-chemical 
characterization of layered nanomaterials, we studied the structure and 
stoichiometry of monolayer tungsten disulfide (WS2-ACS-M) and nano size 
monolayer tungsten disulfide (WS2-ACS-N) using Raman spectroscopy, 
while to study the formed oxidized species in the samples we performed X-
ray photoelectron spectroscopy. The results of the performed analysis 
showed that the stoichiometry and structure of the tested nanomaterials are 
principally monolayers, composed by a combination of 1T΄-WS2, 2H-WS2, 
WO3 and SO2 species. Secondly, we used similar cellular models tested in 
previous works such as (A549 cells) and the ecotoxicology model 
Saccharomyces cerevisiae to evaluate the potential cytotoxicity. The 
toxicological results in A549 cells, showed that the cellular viability 
(performed using Neutral Red assay) was not significant affected by the 
exposure to both WS2-ACS-M (micro range scale) and WS2-ACS-N (nano 
range scale) in aqueous suspensions provided by the ACS supplier. 
Moreover, both the commercial samples did not increase significantly the 







impact it is different in the yeast cellular model. Specifically, both WS2 
suspensions were able to reduce yeast cell viability (CFU) at different 
concentration and exposure time. In particular, after 24 h exposure, cell 
viability decreased about 50% at 800 mg L-1 when cells were exposed to 
WS2-ACS-M and 60% when exposed to WS2-ACS-N. However, their ability 
to trigger ROS production in this organism was very low after 2 and 24h, 
indicating that the oxidative stress pathway could not be involved in cellular 
death. Furthermore, the toxicity of a nano size 2D WS2 commercialized in 
dry form from the same provider was similarly measured, demonstrating the 
ability to decrease yeast cells viability as well, in a lower percentage. 
Specifically, the commercial dry form WS2 (namely WS2-ACS-N-PW) 
determined the decrease on yeast cellular viability of 20% decreased at 160 
mg L-1 and 30% at 800 mg L-1 after 24 h exposure. Moreover, significant 
oxidative stress production could be observed I the selected conditions. In 
conclusion, the experimental results achieved in the present research work 
show the physico-chemical properties and the potential toxicity of 
commercial 2D WS2 aqueous suspensions and in dry form, when interacting 
with distinct eukaryotic organisms, showing differences in function of the 
biological system exposed. In Table 3, it is possible to observe all the 











Table 3: Schematic representation of the toxic effects of commercial WS2 
samples in aqueous suspensions and in dry form toward A549 cells and S. 
cerevisiae. 
Results – A549 cells WS2-ACS-M WS2-ACS-N 
Neutral Red Not affected Not affected 
ROS Slight affected at 
highest concentration 
of 160 mg L-1 
Slight affected at 
highest concentration 
of 160 mg L-1 
 
Results - Yeast WS2-ACS-M WS2-ACS-N 
CFU 2h               Not affected Not affected 
CFU 24h  
Affected: ~50% cell 
viability decreased at 
800 mg L-1  
 
Affected: ~60% cell 
viability decreased at 
800 mg L-1 
 
ROS 2h Slight capability to 
increase ROS 
productions 
Slight capability to 
increase ROS 
productions 
ROS 24h Slight capability to 
increase ROS 
productions 




Results - Yeast WS2-ACS-N-PW 
CFU 2h  Not affected 
CFU 24h Affected: ~20% cellular 
viability decreased at 
160 mg L-1 and ~30% at 
800 mg L-1 
 
ROS 2h Significant ROS 
production 









In chapter 4, we analyzed the potential biocompatibility effects of BN 
nanoparticle, following a similar protocol and assays of the previous 
research articles presented in this thesis. First, we selected two commercial 
BN, namely BN-nanopowder (BN-PW) and BN-nanoplatelet (BN-PL), to 
identify possible alterations in the toxicological behavior in relation to the 
size and the shape of the particles selected and comparing the biological 
responses toward different cellular models. The possible toxicological 
effects of the BN samples under physico-chemical analysis, were 
investigated toward A549 cells and the unicellular fungus Saccharomyces 
cerevisiae as cellular models for in vitro assays. As we did in other previous 
research using different 2D nanomaterials, we firstly studied the physico-
chemical features of the selected commercial samples. The structure 
analysis using AFM and TEM revealed that both BN products are present 
in aggregates with different shape with a round shape and 2D platelet-like 
shape. While XPS and Raman spectra confirmed the existence of the h-BN 
crystal phase within three-layers particles. Secondly, we performed several 
in vitro assays to identify possible alterations in oxidative stress and cell 
viability in both the eukaryotic cell selected. The experimental results, 
showed both BN samples exhibited a very low cytotoxicity toward human 
cells and yeast. No significant decrease on cell viability and increase of ROS 
production could be observed in A549 cells exposed to BN-PW and BN-PL. 
Similarly, in the cellular model S. cerevisiae, even at the highest 
concentration of 800 mg L-1 and exposure time of 24 h, no adverse effects 
on the percentage of living cells and oxidative stress production was 







observed at 2 h exposure. In conclusion, in this research study, our results 
indicate no meaningful differences between BN-nanopowder and BN-
nanoplatelets, representing safe products at the concentration and 
exposure tested for the prospective future applications in the biomedical and 
environmental field. The results achieved in the present work provide novel 
insights of the toxicological impact of commercial BN samples in hexagonal 
structure on different biological cellular models. In Table 4 are represented 
all the toxicological results. 
Table 4: Schematic representation of the low toxicity of commercial BN 
samples toward A549 cells and S. cerevisiae. 
Results – A549 cells BN nanopowder BN nanoplatelets 
Neutral Red Not affected Not affected 
ROS Not affected Not affected 
 
Results – Yeast BN nanopowder BN nanoplatelets 




ROS 2h and 24h Slightly affected at 2h, 
not significantly 
affected at 24h 
Slightly affected at 2h, 
not significantly 
affected at 24h 
 
Conclusion 
Two-dimensional nanomaterials are extensively seen as having huge 
potential, and are interesting considerable and increasing investments from 
governments and from industrial companies in many parts of the world. As 







biological and environmental living systems is a very essential research 
field, with results that update human health risk assessment providing safe 
material development for 2D material applications. This PhD thesis focuses 
on commercial 2D materials, both monolayer and few-layer forms, in 
different shapes and synthetized in diverse methods from several providers. 
The biological response to 2D nanomaterials differs significantly, in relation 
to the cellular model used and to their chemical diversity such as physico-
chemical factors and the evaluation of their nanosafety is a challenge for 
any comprehensive assessment of their effects. The layered two‐
dimensional (2D) nanomaterials used in this work, such as graphene oxide 
(GO), transition metal dichalcogenides (TMDs) and boron nitride (BN), have 
fascinated incredible interest owing to their unique structural morphologies 
and outstanding physicochemical properties. Consequently, these 
nanomaterials have been vigorously explored for several different 
biomedical and environmental applications. However, one of the central 
aspects that is of significant attention and ought to be studied in vaster depth 
is their nanotoxicity and biocompatibility. As such, there is an urgent need 
to investigate and determine the nanotoxicological profiles of these layered 
nanomaterials in order to optimize and develop them for several 
applications. Here, in this PhD work, we have provided new insights in vitro 
toxicological results of different commercial layered nano-samples. First, 
two different samples of Graphene Oxide and Graphene Oxide nanocolloids 
were actively investigated to evaluate their potential toxicity, indicating that 
GO induces higher toxicity in the cellular model used. Specifically, both 







oxidative stress was observed in all the concentration tested. In contrast, 
both the cellular model of the yeast S. cerevisiae and the bacterium V. 
fischeri demonstrated adverse biological responses after the exposure to 
GO and GOC. In particular, yeast cells produced high levels of ROS within 
decrease of cellular viability and the bacterium V. fischeri significantly 
inhibited the production of bioluminescence. Second, we focused on the 
study of the toxicological effects of micro and nano MoS2, using similar 
cellular models such as A549 cells and the yeast S. cerevisiae, showing the 
higher toxic effects of oxidized MoS2 samples toward S. cerevisiae. In 
particular, the higher the oxidation stage of both micro and nano MoS2 and 
the higher the toxicological effects, particularly in yeast cells. Third, we 
evaluated the toxicity of WS2, another TMD nanomaterial, toward human 
cells and yeast indicating differences in the biological responses in relation 
to the commercial samples and the preparation of the sample as a aqueous 
suspensions provided by the supplier or dry form prepared in our laboratory. 
Specifically, all the WS2 commercial sample tested did not induce significant 
cellular viability in human cells. Moreover, low levels of ROS were observed 
in similar conditions, revealing slight dissimilarities toward the WS2 samples 
tested in A549 cells. Furthermore, dissimilarities could be observed using 
S. cerevisiae as eukaryotic model. Specifically, the same commercial 
products of WS2, importantly affected the cellular viability and production of 
ROS. And finally, we focused of the study of the biocompatibility effects of 
boron nitride (BN) nano-powder and nanoplatelets, showing a very 
negligible toxic effects toward the selected eukaryotic cells of A549 and 







this research thesis, the diverse physicochemical features determining the 
biocompatibility or nanotoxicological effects of these commercial 
nanomaterials, such as lateral size, morphology, concentration, exposure 
time, oxidation state, purity, method of preparation of the providers, cellular 
model, have been intensively evaluated. Conclusively, this work proposes 
new toxicological results for seeking a more understanding of the biological 
effects based on fundamental physico-chemical characteristics and cellular 
type biological response. 
